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PREFACE

Aircraf't must maintain structural integrity relative to niany type% of' damaging niechanisnms including, for example,
fatigue, timl-de tectIable initial defects and in-fliglht d amalt such aS that inflicted by miilitary weapons or by debris
from 'n din tegra t ion (1 anl enginec. %hls11 ti roe %tucura I design miet hodology for many o' t heste is well established,
that for in-flight damalge is currently in a stato oif rapid developmcine and has not K-een widely distributed to and
implemented by designers.

Ilich resistance of' the structure ito te timpact oft projectiles is. an important paramleter in consideration of' the
%uhlerability of' mili tary aircraft. Inuformnation onl this subject is contained in A(;ARI) Advisory Report AR-47

"*Physicil Vulncrability Of Aircraf t". howmever thiere is a need f'or considerable augmentation of' this inflorniation,
extending tire scope to include the design methodology. 'I li Structures and Miaterials Panel of' Ac;ARI) recognising
this need, intends to pubhls a D~esign Manual inl 1 '77. 1 lie Panel decided that this Manual should also embrace thle
%:Crlea% MnalOgous pruhleuii. arising mainly onl the lonper life transport aiteraft . of' the impact on thle structure (it' dtebris
11011t Cngiiie dinerto.1 subject o I rap ill> gro wing inmiportIan ce Awhi l has so tar received little at citenion in t he
literature.

In order to stinmulate the collection of data for thle Manual, a Specialist Meeting was organised. The prese rtations
anid a surnitars ot the subsequent discussions are pubfislwd in this volumec. Amiongst tile SUbjtci!S Covered are the
types (It danilage produced by various prujecetf%. the failure characteristics of' the structure under load and its residual
striength And lite after damage. [Tie relationship between the spread of the damtage and the materials used and tile
detail dcsIgi features oh the structure is considered. Where neighbouring systemus or fuel tanks are vulnerable thle
degree oft penetration oft thre projectile into the striatoret is iniportant and this is discussed as is the hydraulic rain
eftlect which can result in eixm high pressurvs if a projectile enters a fuel tank. Blaust effects are conisidered. tDescrip-
t~ons are given of methods of overall analysis oh damtaged structure% and their uise in the vulnerability assessment of
tire aircraft, [he likely dkisribution of si/e. velocity and direction of engine debris f-ragmients is discussed togethei
with inf'orination onl miethoids oft determining tire effect onl the structure. The possibilities are described of reducing
the severity of the priiblem by modify ilmg thle engitie design to cause blade failures to be more likely than disc lailures%
and to contain a large proportion olfitle resultant debris. The efcItsL11 ofl thle overall aircraf't layout, armour amid
1ef1ectors on tile prohlemn are also discusised.

It is considered that the publication of' these coonkrenicc proceedings will be of immediate value to those
N7 concerned with thre problem(it o impact damnage tolerance. 'I tie AGARI) Structures and Materials Panel would welcome

any corntments. suggest ionms, etc which would be of help in preparing the tDes-ign Manual.

At 'Ithe Panel wishes to express its appreciation to the many groups and individuals who contributed to the success
it the Specialists Meeting; to thle J urkisli National t)clegatcs whot hosted the meeting: to Mr J.6Avery. AGARI)
Coordinator for the work onl Itipact Daimiage Toferance, to the aathors. %Lssion chairmen and those who contributed
to the technical disciissions; and t(o the Panel Meimbers anid Staff who so ably Assisted in the planning and cariying
through of thle mieeting.

N.E:IIARPUR
Chairman. Working Group on
fiiipHOc Damigc~ Tolciaiuce of Structuie!..



CONTENTS

Page

PRLFA('E
by N.IKHarpur i

Reference

SESSION i

STRUCrURAL INTEGRITY REQUIRFMENTS FOR PROJFMILE IMPACT D)AMAGE
AN OVERVIEW

by .G.Avery, T.R.Portcr and R.W.Liuuje I

STRUCTURAL ANALYSIS 0F IMPACT I)AMAGI: ON WINGS
by J.M~awnaar 2

I-LUII) DYNAMIIC ANALYSIS OF IIYIRAIJLIC RAM
by L.A.Lundstrorn anti W.K.Fun8 3

CAL('UL D)L QUELQUIS PROBLMIiAtS I)'IMPACT SUIR D1)15 STRUCTURES
ALRONAUTIQUES

par (',Pczaau 4

(OMIPLI LR ME-THOI) FOR AIRCRAFT VULNURABILITY ANALYSIS AND) THE
INFLUENCE OF STRUCTURAL D)AMAGE ON TOTAL VULNERABILITY

by I).Kardcls 5

DANIAGL TOLERANCL OF SENIIMONOCOQU[ AIRCRAPT
by D.1 .llaskcII 6

SIESSION 11

DL)FINITION 01: LNGINE IDEBRIS AND) SOME PROPOSALS FOR REDUCING
POI LNTIAL I)A,%AGI TO AIRCRAFT STRUCTURI:

by I).Mc~arthy, 7

F'KOIABILITIE DE PERFORATION IYUNE STRUCTURE I)AVION PAR D)ES
I)EISRIS 1)1 N.IOTILItRS

par MidchlI Huret 8

STRUCTURAL L FF LCIS 01- E-NGINE- BURST NON-CONTAINMENT
by T.W.Coombe and 1)1 Vowles 9

STUDI)IS O1: IN(INL ROTOR FRAGMENT IMPACT ON PROTECTIVE
STRUCTUR[

by (;.i .1%angano 10

TLNUL )E-S (AR iaRs NIoTEURS LORS DlES RUPIURE'S I)'AUIIES
par Jibiecry I I

D)ISCUSSION SUMMARY
by J .G.Aver> 1)



STRUCTURAL INTEGRITY REQUIREMENTS FOR PROJECTILE IMPACT DAMAGE-- AN OVERVIEW

A~ by

J. CG. Avery

dnd

T. R. Porter

BOEING AEROSPACE COMPANY
Research and Engineering Ulvision

P. 0. Box 3999
Seattle, Wathlngton 98124

and

Rl. W. Lautee

Air force Flight Dynamics Laboratoiy
Wright-Patterson AFB, Ohio

SUMMARY

Aircraft can be exposed to projectile impacts from several sources, including military weapons, hailstones, pebbles,

and debris from engine failures. In spite of the importance of the projectile damage threat to many types of

aircraft, this category of damage is addressed in only a limited degree by existing design guelna.* and specifi-

catlicrs. There ore . however, a growing body of research results becoming available, and attention
must be directed toward making this information usable to designers. The only means of doing this is to integrate

projectile damage tolerance considera'ions within the e.isting structural design process. This paper outlines a
design methodology for projectile damage tolerance and summarizes some of the research results available for
implementing the methodology.

I. INTRODUCTION

As Indicated In Figure I, aircraft must maintain structural integri relative to many types of
damaging mechanisms, lncludlig for example:

I. Fat Igue
2. Non-detectable Initial defects
3. In-flight damage, such as Inflicted by military

weapons and engine debr!s,

The objective In designing for fatigue considerations Is to prevent wear-out during the antlci•ated
. usage of the aircraft. Tho objective of the second structural integrity requirement Is to prevent an

airplane from unexpectedly falling as a result of an undetected flaw or defect. In both cases, the
benefits of successful design are Improved safety and economics.

With respect to In-flight darvqe, tre design objective Is to prevent structural failure from sud-
denly InflIcted damage during flight. For example, a substantial portion of combat aircraft attrition
has been caused by structure-relatid failures induced by projectile damage. Weapon damage may cause loss
of strength and stiffness, and these effects are often amplified bv the interaction between primary struc-
ture and engine fuel storage. This interaction leads to damage mechanisms such as hydraulic ram, vapor
explosions and fire.

In spite of the Importance of the projectile damage threat to many types of aircraft, this
category of damage Is addressed In only a limited degree by existing design guldelin-s and military
specificatlons. Although the vulnerability analyst has always been concerned with the effects of pro-

jectilea, this often represents unfamiliar ground far the structural designer.

Because of these consequences, effort Is required to Integrate battle damage tolerance con-
siderations within the structural design process, along with related fatigue anj fall-safe criteria, as
Indicated in Figure 2. In recognition of this need, the Air Force Flight Dynamics Lab~ratury has
recently supported research under contract r33615-73-Q-3032 "Survivable Combat Aircraft Structures
Design Guidelines and Criteria," (Reference I), In order to formulate the required technology wlthln a
methodology that can be readily accep.ed by struc.ural designers.

_k6
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d I. METHODOLOGY FOR IMPACT DAMAGE TOLERANT DESIGN

To achle-, desired structural •urvh'ability with minimum performance degradation, a q,,antitative
",s-essmv., of sttuctural survivability should be Included during the d*..sgn phase of the aircraft. This
requires Implementing an assessment and design methodology that allows designers to determInc the survlv-
al capability of a current design and then compare this ce;.il Ity with the structural performanc-
specified by criteria. The objectives of the methodology are to evaluate the structural copability of
the damaged airframe, and to compare this with structural performance requirements as dictated by mission
criteria. Figure 3 is a flow diagram illustrating the steps required to evaluate the survivability
level of a stru:turai desiqn (Reference 2j.

A first step In the methodology Is to determir~e the conceptual goals for the aircraft, Including
aircraft type and anticipated usage. From these, specific mission and threat requirements are defined.
Non-nuclear ballistic threats can be categorized into three basic types:

a. Non-explosive projectiles (pbnetrators)
b. High explosive (HE) projectiles
c. Warheads

COMBAT WEAPON sYSTEM CONCEPTUAL GOALS

AIRCRAFT SYSTEM REQUIREMENTS

6 AIRCRAFT MISSION 0 THREAT
REOUIREMENTS REOUIREMENTS

AIRCRAFT
STRUCTURAL
CONFIGURA-

TIONI

STRUCTURAL STRUCTURAL
REQUIRE•MENTS CAPABILITY

* COMPONENT LOAD • DAMAGE
"LEVEL AND ASESSMENT
ENVIRONMENT
AT EXPOSURE L CYCLIC LOADING

RESPONSF
* CYCLIC LOADING

AFTER EXPOSURE e STRUCTURAL

0 MAXIMUM L(AD RESPONSE

AFTER EXPOSURE

STRUCTURAL ASSESS.MENT

AND TRADE SIUDIES

SURVIVABLE COMBAT WEAPON SYSTEM

Fiqur- 3. tructural SIV Demip Affed/olly

Information on the projectile type, size, velocity, number, end direction must be considered when
making a structural vulnerability assessment. In addition to mission and threat requirements, the con-
ceptual structural designs are a necessaly input. The structural design Is not final, since the final
selection of the structural configuration and materials should include the vulnerability assessment re-
suits, because itructural concepts end material selection significantly Influence the survivablity of
the total structure.

The remaining steps Illustrated In Figure 3 use the above factors as input date In establishing
the structural capability and requlrnments for the final assessment. These steps are described in the
followinq paragraphs.
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11. 2 DJE TER MINA1 ION OF I HE CAPAD ILI-T Y OF DAMAGEID STHUCT(IIFRE

The dletermirnation of structural capability requirer an evaluation, of structural degradation due
to wmapon damnaqr. Several unique tpchnical disciplines curie Into operation at this pnint In the analysis.
Evaiuaiiny structural derjradatlon due tio weapon damarpe require;ý a conSideration of the mechanics of
etanaqe. an'i daeriane tole~rance. The required analysis steps were shown on the ritiht :ilde of Figute 3.

The first StenO is In dtetermiiie tine type and extetnt of the damarne Inflicted bry the threat. Struc-
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Dun arjnd structure that dloe% not fail at the time of Impact is Libjected to subsequent cyclic loading
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BALLISTIC DAMAGE RESIDUAL STRENGTH

CYCLIC LOAD DAMAG EXTIEPG*CW1N

Z IMPACT FRACTURE
'r STRENGTH

A

TIME

Fiqrirc. 5. Strength Time History for Structural Element

11.3 STRUCTURAL VULNERABIILITY ASSESSMLNT

The final survIvabIlIty assessment compares the stress/tnme and the strength/time hIIstorles; that

is. the requuirements and the capabilities. A typical comparison Is shown in Figure 6. This figure shows

the stresS/time and strennth/time histories for a wing structural detail. At time "A" thei tengi.
capability Is reduced significantly due to damage Intlictiud by projectile Impact; however, the structural

element did not fall catastrophically. In this example, the strength requirements exceed the strength
capability In the landing approach, and Structural failure occurs. The final assessment depends oil the

Impact damage tolerance criteria selecte' for the aircraft, and criteria selection and specification Is,
an extrem-dy Important aspect of Impact damage tolerant deslqn.

Ill. DESIGN TECHNIOUES AND GUIDELINES

The structural designer can employ several techniques for Improving the response of aircraft struc-

.ure to projectile Impact, including:

a. Reduce the probability of hitting critical structure.

b. Improve damage resistance of structure.
C. Improve damage tolerance of structure.

"he first approach Includes reducing the size of critical elements, locating critical structural
elernents so that they are shielded by less critical components, or locating critical elements so that they

dWA
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',. op•1 u,,pprti u!d er,ogeetrIc configuratIon determine damage resistance. For evample, 2024-T3
;k tin is rkre dJimage resistant (less crackling) than 7075-Tl skin when exposed to projectile Impact. In
renrrai, the use of high-toughness materials will provide a high level of danage resistance.

Da.mage tolerance, on thn other hand, Is measured by the ability of the structure to survive or
"tolra''e" damage of a given size. A damage-tolerant structure is obtained by careful attention to
both detall design and material selection. Multiple load paths and stiuctural members capable of limit-
inn or containing damage extension should be incorporated.

9In areas where both members of a dual load path could be damaged by a single impact, and where
d-slgr, igeonmetrv) limitations restrict the use of redundant structure, special effort should be made to
p. uvlde damage resistance. This Is achieved by minimizing the exposed area and utilizing damage-resistant

tcrials. CuGd damage resistance will also enhance repair capability.

Damage tolarance should be considered In the design of every major component. Multiple-load-pat'
st, cture shoula be used and the load paths should be separated to minimize the possibility of critical
"ua ge from a single Impact. Short load paths are recommended to minimize the vulnerable area. Flam-
mable .'d/or explosive components should not be placed In close proximity to the prmary load paths.

The bbove general design considerations are Ceceptively simple. In actualiLy, their application in

specific circumstances is complec, and requires both design awareness and inventiveness. Although it Is
fl[V4&ULI LO. gerer, liie, design features that typlcal'j enhance structural survivability are:

a. Extensive use of high toughness materials to provide a high level of damage resistance.
b. Multispar wing construction.

M. Multiple skin panel construction.
d. Riveted skin construction with patterns selected to minimize blast effects

C. Multistringer, skin "uselage construction-
I. Fuselage configuration with short primary load paths.
.g Fusrlage configuratiur. with large volume to minimize blast effects-

However, the designer needs more specific analytical tools In order to implement the task% defined
previnusly in the design methodology. These inalytical methods must be formulated In terms of design
parameters, so that the effects of design alternatives can be evaluated. The remainder of this section
presents a brief overview of impact damage effects in aircraft structure, and certain analysis methods
available for use In design.

The topics addressed Include:

a. Characteristics of Projectile Impact Damage
b. Prediction of Impact Damage
c. Internal Load Redistribution in Damaged Structure
d. Failure Criteria for Damaged Structure

III I CHARACTERISTICS OF PROJECTILE IMPACT DAMAGE

Projectlie damage has diverse characteristics depending on the projectile, the configuration of the
structure, and the conditions of impact. Damage can range from. dents, cracks, and holes, to large petalled
areas accompanied by extensive out-of-plane deformation. The diverse character of projectile damage
raises iiestions. How can it be quantified? What should be measured?

Althugh there are several meaningful measures of impact damage, lateral damage is the measurement
that has been found most useful for vulnerability analysis. Lateral damage, as shown in Figure 8, is
defined as the diameter of an Imaginary circle that just encloses the limits of fracture or material
removel in the plane parallel to the original surface of the sheet. The terms "lateral damage", 'damage
size", and sometimes simply "damage" are used synonovously.

A second significant measurement when stressed panels are considered Is the component of lateral

oamcge transverse to the applied load. This index Is referred to as transverse lateral damage, often
abhreviated as TLD.

The following paragraphs decribe the basic characteristics of projectile damage in metal and fiber-
composite structure.

III 1 1 IMPACT DAMAGE IN ETIJALS

SrlThe impact-darmdge response of metals depends upon many interrelated parameters. Because of this,
there is appreciable scatter In the test data, and it is often difficult if not impossible to Isolate and
quantify the effe.t of Individual parameters.

An extensive investigation of impact damage In metals is reported in Reference 3. This reference
i-crusses types of damage and the parameters that Influence damage. Some pertinent results from that

ntudy are surnirizel in the following paragraphs. These results have been demonstrated in the high-
strength aluminum 'lloys, such as 2024-T3 and 7075-T6.

Dm1agte lTyre.

Impart damaye In metal sheet and plate structure can be cracks, spaliation, petals, holes, dents or



gouges. For a given target material, the damage type sustained depends on the sheet thickness and the
projectile velocity and lm--rt angle. This behavior is illustrated In Figure 9.

,I_. ..• .I• - • .

VELOCITY JlAN

O, *a, TyeRgm Dia g ra, S)A 707 46
PITAtl5 TARGET SMKICNMPU IINICNIW

FIlgure 8. Lateral Damage Doein/'ton

Effect of Projectile Velocityv

For a given panel and obliquity, the variation of projectile impact velocity can result in the

resronse shown in Figure 10 which also illustrates the concepts of incipient damage, maximum damage and

high-velocity damage. This response is characturized by a maximum lateral damage size that occurs Just

above the penetration limit. Further increases in projectile velocity result in lesser damage, until a

plateau is reached called the high-velocity lateral damage. Velocity Increases beyond this limit do not

produce any significant change in d'amage size, unless velocities can be reached that result in appreciable

projectile break-up. The difference between the maximum damage and the high-velocity damage depends

primarily on sheet thickness.

Figure I1 is a photograph showing the effects of projectile velocity for .30-caliber AP impacting

090O-Inch 7075-T6 sheet. The mnoretse in damaye with reduced velocity is evident.

Effect of Prolectile OhilgquI~y

The angie of obliquity (or Impact angle) has a pronounced effect on dilmage size. The following are

generally true regarding obliguity effects:

1. When impact angles are increased and other conditions held constant,

the maximum lateral darage will also Increase as long as penetration occurs;

2. The velocities required for incipient lateral damage, maximum lateral damage

and the onset of high-velocity lateral damage increase directly with impact-

angle Increase.
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Figure 12 illustrates this response schematically, and Figure 13 Is a photograph showing ,090-inch
7075-T6 impacted at several obliquitles with velocity held constant, There is a dramatic reduction In
damage size as the Impact angle increases from 60 to 70 degrees caused by projectile rlchochet.

03 > 02 > 01

33

'V 022
01

Figure 12. Typical Effect of Obliquity on Damage Size

Effect of Projectile Type

When projectiles re similar In shape and construction but differ In size, is generally found
that larger projectile.a produce greater damage. When this similarity is not present, however, It is not
possible to make lateral dairage predictions based only on projectile size. Projectile type must also be
considered.

A distinction must be made between oqive bullets and compact fragments, for example, Oghve projectiles
can exert significant in-plane wedging forces that contribute to panel cracking during projectile
penetration. Compact fragments tend to puch through the panel, causing a different mode and size of damage.

Effect of Sheet Thickness

Damage size is highly dependent on sheet thickness. A convenient thickness parameter Is the ratio
of ,hickness to projectile diameter (t/D). Typically, as t/D ratios are increased beyond 0.1, the maximum
lateral damage size increases from a projectilm-sized hole to a relatively large damaged area. This
principal maximun lateral damage occurs at t/D values between 0.3 and 0.4 for aluminum and titanium alloys.
increasing t/D ratios beyond 0.4 reduces the lateral damage to a projectile-sized hole that may be
accompanied by significant amounts of spallation.

The typical response Is shown graphically in Figure i4a. It shouid be kept In mind that since lateral
damage is also dependent on projectile velocity, this fiqure shr.s the largest damage (i.e., the maximum
lateral damage) that occurs fur each given t/D ratio.

The remaining Illustratinn, in Figure 14 demonstrate the parametric effects discussed, namely: the

effect of projectile velocitj, Impact angle and projectile type.

Efrect of Sheet Material

The choice of material will have a ,arked effect on the resulting size and type of damage, since
materials differ In their resistance to Impact damage. A comnarison of damages produced under Identical
impact conditions, changing only target material, will show large differences in damage size. It was
shown t .Ji the damage sizes for 2024-T3, 2024-T01 and 7075-TA aluminums have the ratios 1/2.2/5.1.
respertively. On the same basis, the ritio for 6AI-4V titanium was found to be 1.8. The',e materials rank
in the follojing order of damage resistance, with the first having the highest:

I. 2024-T3
2. 6AI-L.V
3. 2024-T8i
4. 7075-T6

Sin se damage tolerance Is also dependent on material, material selection is a means of reducing structural
degradation due to battle damage.

Effect of AppI led Stress

A .If the stress level is suff;ciently high to precipitate impact fracture, there will be an extension
of damage beyond that obtained frcm lower stressed panels. Applied stress levels below this value may
have a .mahl influence on damage size and orientation; however, the extent of these effects has not yet
been established.

Il1. 1.2 IMPACT DAMAGE IN FIBER COMPOSITES

There has been very little parametric impact-damage testing of fiber composites. Figure 15 shows
typical projectile damage in a t5oron/epoxy sandwich panel. Some boron/epoxy test results are shown In
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Figure 16 for comparison with the metal data (Figure I4). The dashed lines represent the size of the
projectile projected onto the plane of the test panel. This Is the mirnmum damage size corresponding to

passage of the projec',lie through the panel. In contrast to the response of metals, there is a close

correlation between the measured damage extent and the projected area of the projectile. The one excep-

tion Is for the exit face of thicker laminates.

The available data Indicate that extensive visible cracking extending from the impact point dues not

t)ccur in thin panels of boron/epoxy and graphite/epoxy. These materials exhibit good damage resistance.
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Figure. 16. Typicul Parareeric Doamag Data for Fiber Compowites

1II. 1.3 PROJECTILE IMPACT INTO FLUID FILLED CONTAINERS

In many aircraft applications, the structure serves the additional function of fuel containment, so

that a penetrating projectile enters a fluid medium after passage through an adjacent element of structure.
The term "hydraulic ram" refers to the dynamic pressures generated within the fluid as a result of energy
imparted by a penetratnIng projectIle. These pressures are transmitted to the walls of the fuel tank, and

they can cause severe structural damage to lightwelqht aircraft structure.

Hydraulic ram must be considered as a damage mechanism for any structural element that Is wetted by
fluid, or any element that Is separated from fluid by a pressure transmitting component such as a flexible

bladder. The structural damage caused by hydraulic ram consisLs of bulging and tearing, and fastener"J failure Is coxmmon. Damage Is especially severe at entrance and exit walls because the internal pressures

extend the damage caused by penetration. Hydraulic-ram damage due to fragments and small-arms projectiles
can be extensive and potentially catastrophic as suggested by Figure 17. Hydraulic-ram will be discussed

more fully In a subsequent presentation.

III. 2 PREDICTION OF PROJECTILE IMPACT DAMAGE

The description and modeling of ballistic impact damage Is a new and complex technology. The available
prediction metlhods are primarily upper and lower limit techniques, and statistical reliability has not yet

been adequately defined. These limitations In damage-prediction capability Influence the reliability of

structural vulnerability assessment and design.

The following paragraphs describe some techniques for predicting projectile Impact damage size. The

description Is organized according to the type of projectile and the type of structural material, and

Includes:
I. Bullets Impacting metal

2. Bullets or fragments Impacting fiber composites
3. Fragments impacting metal
4. Impact damage from HE projectiles

a , ...... .... . ..
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IMPACT DAMAGE FROM HIlGH EXPLOSIVE (HE) PROJECTILES

High-explosive projectile% of 20 to 37 rPn caliber represent a probable threat for combat aircraft.
Figure 24 shows several aspects of the terminal effects caused by HE projectiles. The resulting damage
is due to the combined effects of fragments and blast (often internal).

The condition shown in the figure is for a projectile having an instantaneous fuze that detonates upon

contact with the uter structure. Delay futes are also prevalent. In either case, a hole is punched
in the outer I, in, and a %.pray of fraqmrents from the projectile casing emanates fro,' the center of
detoination. The spray forms a cone of fragments. The angle (ol divergence relative to the projectile flight
path depend% on projectile velocity and the fragment ejection velocity. This latter velocity is a char-
,cteristIc of the pruijectile.

The development of methods for predicting damage due to HE projectiles has received recent attention,

and certain of these metehods ;HI be de,.cribed in subsequent presentations. The BP.-I computer code
(Reference 6). for nxample, contains a fragmentation oddel for use In conjunction with the finite-element

structural rrudirl developed for predictinq the lcal damage and transient response of aircraft compartments
subjected to the internal detonation of explosive projectiles.

The BR-I code currently contains the character istics of three HE rounds, including tile static

velocity, the mean static direction, tfle number cof fragments and the mass distribuý ion for the fuze, the
t uze a t tachmen , the J u por tircn, and tie base.

The velor Ity of the fragments is ve(.toral ly added in the BR-I code to the velocity of the projecti le
relative to the targ(et at tEie time o( detonation to determine the relative velocity of the fragments to
the target structure. For fragments emarnating from the side of the projectile, the code automatically
determines which finite elements in the structure ace struck. 'or fragments emanating from the nose or
base of the prujecti le, the user has to snecify through the Input data the elements struck. The BR-) code
fetermines what percentage of the frariments nenetrate the structure, the impulse imparted to the finite
,l,.,'cents because oif the rnK.menturi change oif the fragments as they encounter and/or penetrate the structure,

ari the loss in %train energy carrying iijpabllit/ and ma.ss of the structure because (of holes created by
frarlcents that penetrate the structure.

Iit. 3 INTERNAL LOAD REDISTRIBUTION

Tlce inflic-ion orf damage in mult ipe load-path (.cornonents causes a redistribution of Internal loads

aronorri the elemtnts. In addition. the availability or .li,
1
tr hate load paths result, in some level of

residual strengt'c capabi I Lt in major structural comnonents , even though element fa lures have occurred.

A piwerful tErol for leteremining load-redistribut ion in damaqed structural components (a wing or wing

segment, for exCarple), is the finite-element structural analysis computer program. These programs are

frequently u,,ed for de-,ign analy-sis, and their appl icat ion to damaqed or altered structure is a logical

ext nsion.

The opi.rational theory oif finite-element structural-ajn lysois corriuter programs oiiII not be discussed

;n detail h.re, a-, this theory is ieal 1 Irown arid well documente. d. The basic approach, however, is to
develop a rrdel or 'structural Idealization'' of the component, using discrete structural elements such
as plates,, bears. and rods havingl defined stiffness, propertie!s.

The utility of these techniques for structural vulnerability analysis lies in the fact that struc-
tural damage can be inc(,rporated into the model by altering the stiffness properties of the damaged

elements. This alteration must be made using darrage models of the type dIscussed previously that relate

damage sIze to threat, and that relate stiffness deqradatIon to damage.

Usinq the altered element stiffness properties, the finite-element computer program can then
reanalyze the structure and develnp the redistribution of element stresses caused by the damage. The

strenqth capobllltt of the dama(, structural component for any desired flight loading condition can then

be determined by comparing the redistributed element stresses with structural failure criteria for damaged

elements and crack-arresting structure.

Figures 25 to 28 show key aspects of the application of finite-element structural analysis to damaged

structure. Figure 25 is the nodal diagram for i wlig scrtion under analysis. Considerable engineering

judgment must be applied In preparing a nodal diagram that will ensure realistic results.

A 1 No
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Figure 26 Is the element diagram, Indicating the various elements selected for the ideali[zation.
Typical element selection mIqht Include:

1. Upper and lower %kin plates-- Stiffened plates carryinq shear -,J
axial load. Stiffeners were Included as part of the olatt: v.ul.-mrties.

2. Spar and rib web plates-- Spar webs were modeled as plates capable
of carying shear only.

3. Spar and rib stiffeners-- These elements were modeled as beams
carrying axial load.

4. Spar chords-- All spar chords warie modeled as beam elements
ca.rrying both axial and bending load.
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Fiqufe 27. Wing Qjdome toads 040gr.#ri

FiysurL- 28. S.'heoylJf of admwgfud Wing Model

A rracture of tension membrsb, ip one of tf;e mos siqnitic.ant faliurc nk~dcs for projectilie rtimaqed struC-

tur L' 3mý Lon'ilxerable re~ea.r~h has t'een done leadingq to the developmesnt of fallurc criteria. Some ot this
dvipinent Is desc.ribed in the following~ par,ýPqranfI%, for both tuuriemes, ndi.c rctn

,tructure.

111. 4.1 FRACTURE OF STRUJCTURAL CLEMENTS

Typical eleinaent tensile strencsth beh.avio is show'n schematlaally In Fi*iqure 293. In ductile rnterials,
Or whcn the type of damage results in low~ stres cnncentraticn, Ole rtsidual strenqth behavior depends on
the ner area, This is dfndas notch-!nsen%!t~ve friecture lehavior. This beh~vlor describes the least
severe darnaqr (greatest strenoth-) for qlrrrart 5tructrire. Tht! analysis of rosldual strenolh for this
behavior is stralqhtfornward,

T
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• •:-•-•Fiyure 29. Variation in Fracture Rmonse With Failure Mock

The most severe damage (lowest strength) consists of" sharp cracks; in brittle materials. This results
In high stress concentrations with little duct,lity and a responw characterized as notch-sonsitive. This

':behavior Is norm~i~y asso,-lated with fatigue-crack damage, and fracture mehanics (K) Is used for the•r 4 analysis.

Si The tensile strength of ballistic-damaged panels. based on transverse damago, often does not fitS:i"•'either of these categories, but Is located in-between (referred to as transition behavior). The tran-
sition behavior for bailistic-damaged materials Is due to the btuntness of the notch resulting from

;•' ~ballistic implac;t. A modlflcaticn of the fracture mechanics technique has been developed from, test data

;.'!.!i for predictlog the residual strength of ballistric damaged structure (A€)

S....An additional considoration Is vital to structural vulnerability assessment: The strength of the
. .•.,structure. Is Influenced by ,he loadings and effects Induced by the impact. Because of this, structural

elements may not be chle t,, carry the same load during Impact as immediately after Impact.

• , ,,.Impact fr.acture is a term used to describe the fray;Sure of a stressed tension panel Immediately upon
if •. Impact. This type of fracture occurs when local cracks, initiated by the Impact. undergo rapid propags-

., • tlon through the struc.turil me~mber. Unless the crack propigation Is arrested In some manner. the struc-
J.:••: tural member will riot survive the Impact, This fallore mechanism Is distinct from the residual strength

'? failure, in that residual strength failures ocrur when surviving (but danmaged) panels a,'e subjecZed to
•' ::• •'. sed loadings until fracture occur%.. Figure 30 depicts this dlstln,:tion. From available data, a

threshoI,6 level termed "Impact fractu, e strength" can be defined, representing the onset of prestress
influence. The analysis of Impact fracture behavior follows a modific~ation of the fracture mechanics
technique using a parameter, A',, to defincý thL threshold value for Imprct fracture (impact fracture
toChnLes % ).

i;•',"•The remainder of this section describes analysis methods for predicting tho tensile strength of
damaged structural eFements. As indicated in Figure 31, these methods are based on linear elastic fracture

" •'• •A BALLISTIC DAMAGE RESIDUAL STRENGTH

A technique has been use for est strength)rength os ballpstsc-damagedb panels by
2 i defining h stress 'cnensity r acthor forl gunfire danmge, Ars by the relation e

,J_" " r• Ac a c ( TLD) 1/2 , where

a bc gross atress and facilure

a C
The ~ ~ ~ ~ ~ ~ ~~T tm~lcsrnt f alsi-aae anelmasem o transverse dae al -mage, otnde o i

e it I f theeved that the trbutd shon In th w figure Is typic ( for metals and that the relative pas-
ition of the balistc damllsqe fracture data depends primarily upo the extent of cracktng Inflicted by f he

blcImpact. In o neneral, the tendfncy to crack decreases as thickness hncreasE beyond a t/D ratio of approx-

forBe prdctn thieiulstegho alitcdmgdstutr"A
...



p p

I. Losiod POW 2. Pro Votis InRpWAt

SURVIVAL IMPACT
p FRACTURE

OR

3. Sarvivel or Inspect Fromwe 4. rlqv .4el SaJrvi of Demapd I.edl

Figure 30. Gerv. a/ I?ey.,.n- of . oaded P.'e/ Irpac wte by Projectile

28 - T.)tII Clack L,!..gth ,

Oc - Grous Tefndle Str#% At Failure

TLD - Projctile D amage N,-rmal
to Gross Stress

LT C I 

-T "'I 1 /

2t --' 1-

ii' - Gross Tensile Stret at the

Onset of Impact Fracture

TLD Projlctlk Ortiag rjrrnal
toi Gross Stress., besd on
Demeg., ReSPOnse of tUnloaded

:, Parw.i

FAqre 3,. &S,,,riaryt of Fracture Mechanics Arnalysis of Damnauqed Structure

----



IGO5

0 111161T4 LoN" Grain

.50CAIAP awrp fr A1OKe Tedt 0.1* Po"e

PeatW Thic&,ew ON)

Figure 32. Comparion of Ac tiath K., Longituclna(Griran 7076-T6

Romp ofA. 19il4"t Duuwlep Raw"swdsnilltwg)

IOD -

AD Galul fAr OMete Is

Values of hc are determined experimentally by pulling damaged panels until tensile failure occurs.
Roforvmnce 3 present% detalicd aialysls Of tý ushterniinations for 202i4-M~, 1075-T6 and A1V.The
average values of Ac are nsumarized In Table ý,along with the standard deviations and standard error of
the mean,

it should be mentioned that r.1clic loading after ballistic damage may Increase the sliatpness of the
effective notch. Thqs may occur quickly (with few cyclic load applications) In Sam applications, and a
decis ion must be made whether to base strength predict ions on A 4 or Kc.

A, Values for Fiber Composite%

Analysis of available data (Rteference 5) has indicated that the tensile strength of boron/epoxy and
qroahite/epoxy panels daneged by small caliber bullets can, In many cases, be predicted using a modifica-
tion of the technique for metals. The modification consists of using an "effective" transverse latera)
damage OLDo) as defined previously In Figure 21. This approach has *lSO found application In fractur*
analysis Of composlteS tcontAlline fiaws other than bollistic damage.



TABLE I: Average Values of A

STANDARD STANDARD ERROR NUMBER
c DEVIATION OF THE MEAN OF

MATERIAL (ksliln) (kslv-ln-) (I.slIvn) TESTS n

2024-T81 53.5 8.3 4.2 4
(TRANSVERSE

GRAIN)

7075-Y6 65.6 1216 2.8 20
(TRANSVERSE

GRAIN)

7075-T6 3119 14.9 2.7 31
(LONGITUDINAL

GRAIN)

6AI-4V 162.0 25.5 5.3 23
(TRANSVERSE

GRAIN)

Available ballistic results fur tiber romposites layed-up In the 0. 45, 90 configuration family have

been correlated effectively by the relation:

tu tu TLD EFF

The data Yja% presented as shown in Figures 34 and 35, and averaqe values of t.c/Ft. were found for each

material classification. In addition, statistical data oas gerrnvited for each materlaY to establish

allowjlhe values as presented in Table I1.

TABLE 11: Boron/Epoxy S Graphite/Epoxy A. Data

"'c/Ftu "'in STANDARD
MATERIAL AVERAGE DEVIATION .95 CONF., .90 PROB.

Graphite/Epoxy .574 ,098 .393

Boron/Epoxy -509 .059 .401

rSraphite/epoxy on the averare retained a greater percentage ol Its strength than boron/epoxy; but the

,variabilIty was greater for the graphite/epoxy, resulting in nearly the same "B" allowable (.95 confidence,
.90 prrobahility) for the two materials.

Fiqures 36 and 37 define prel iqlnary residual tensIle strenqth allowable data for boron and graphite/

epoxy panel- (of 0, 45, 90 lay-up, based on the test data avallahbk fur considerdtiun.

Impact Fracture Anal Lsis

In Peference 3. the possibility of orelictinq impact fracture in a manner analogous to that used for
rrsidv-al static strenqth was examined. As desc ibed above, the ,tatic fracture behavior (residual strength)
of lmpact-damarqd panels has been characterized by AL, the stress Intensity factor for Impact damage. A
,,similar characteriz.1tion for impact fracture is 9i en by the formLula:

=. TL-1)"I/2 -rc

' threshold applied stress for impact fracture

threshold stress Intensity factor for impact;'c fracture

TLD - transverse lateral damage, (the maximum com-
ponent of damaqe transverse to the applied
stress due to projectile Impact).

There is very lIttle data available, however, for pursuinq this characterization, except fo. transverse
qraln 7075-T6 reported in Reference 3. Evaluations of ,'c for 7075-Tr are compared with a K. data envelope;

in Figures 3P and 19. TheA C estimates fall within the Kc envelope; however, the, _ data tends to fall

in the lower region of the envelope. The ranne of/Ac for transverse-grain 7075-T6 is between 33 and
55 ksi Vin. It should be noted that these values are substantially below the A values for this

lkiterial, der:,onstrating that threshold levels for stressed panels are generally %ower than the residual

t-trenqtit of simillarly damaged panels.
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arrestment caipabili~y that Is nt corr3idered iii the element residual strenrith analysis procedures described
above, Since the ,.r-w k-arrest-crit capability con significantly im~prove the residual strength of battle-
dam.,ged %trjn tuo, ihe, stiffer og must be Included In the analysi-.

r-,- ;- - residual strength of %titfened structure damaged by weapon fire. the type of damage
__ .* :'-- Ilished. Figure 40D niesents several typical dainarel r-ifiriuratlons. in Figure 40~a the

>1 '-.-. t,) the skiln area betwjeen the stiffening elements. This would be typical of a small-arms
stii. between stiffeners, In Figure 40~h the damage is confined to the skin but reaches into

'J- This damage configuration, used Infat ique-damage analysis, Isprobably not typical for
!-t' 1' When the skin damage extends into mnore than one bay, the intermediate stiffener normally

<1 I. Irrl. This is Illustrated in Figure 40~c where both the skin and stiffener are damaged with the
,wri extending into two skin bays. Damage of this type genurally would be considered the critical". 'r. ' jii~rerability analysis. Many iImpacts could damage several skin bays, and sever all the inter-
-.t;rffenrn elements, For the particular case investiqated, t.he threaat and structural parameters
'.tiffener spacing would he used in establishing the extent of damage.

Th(- failure of a stiffened panel containing danragE Of the type Illustrated in Figure 40c. depends orn
t-iticality of each panel component. Figure 41. illustra s scheri.itcaily the critical components in

.inq panels. As -shown, the critical skin stress In an ui~tiffened panel follows the basic relationship
V,. The critical skin stress Is Imrtorved by the stiffeners when the crack tip Is near the stiffeners

'tli S). As noted, however, ti stiffener %tres%, because of the stress-concentration effect of the
Oluiqr'. carn become critical for larger damage sizes. Also, the loading In the fastvner attaching the
,tiffeners to the skirn near the crack tip can approach a critical level resulting In an unzipping of the
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attachment. For the total stiffened p3nel, the stress level for crack propagation corresponds to the
critical skin stres% (K - Kc in th, stiffened skin). As can be seen in the flqure, for Intermediate crack
lengths (OL less than 5). the skin Is more critical than for larger crack', (TLD t S). This results In
cracks that run, but these may arrest at the stiffener.

Stress analysis must be performed In order to quantity the failure levels for specific built-up con-
figuration,. This analysli is identical to that performed for fail-safe requirements due to non-ballistic
flaws, but must take into account the effective stress Intensity factor for ballistic damage.

IV. CONCLUSIONS

This paper has desLr ibed a methodology for Integrating projecti le damage tolerance considerations into

the structural design process, along with related fatigue and fall-safe criteria. A key element for success
in this task is the continued development of analytical miethods that can establish criteria compliance In

terms of design pararreters.
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STRUCTURAL ANALYSIS OF
IMPACT DAMAGE ON WINGS

by

Dipl.-Ing. Jdrgen hassmann
Industrieanlagen-Betriebiaesellschaft mbH

8012 Ottobrunn, Einsteinstra8a, Germany

SUMMARY

This paper gives a brief description of a recently-developed StructuraX Strength Model
and examines in greater detail the functions and characteristics of a DamiSage Model. A
discussion of a Shock Wave Model and how it analytically determines the dynamic response
of a pressurized flat plate is also presented. Test and Finite Element results are com-
pared with model-predicted results in order to determine model credibility. The pressures
resulting from the detonation of ammunition are discussed and the contributions of each
of the pressure components to the entire response are illustrated. Some advantages of
an advanced Fragment Model are mentioned and the results from such a model are compared
with appropriate test data. Lastly, the applications of the different Damage Submodels
with respect to a honeycomb structure are shown.

1. INTRODUCTION

A relevant question for the design of a military aircraft is

how sensitive is the structure to impacts of different kinds of amunition?

The investigation of this quesLion results in the following statements: if the airplane
has been hit

- the airplane is totally operational or
. only the mission can be finished or
- the mission ability is reduced or
- the airplane is no longer flyable.

Some tests have been performed to analyze the influence of

. different kinds of emmunition
- different airplane designs
. different locations of the hit points on the structure and so on.

As a result of these shooting tests and additional ultimate load tests, it has been
determined that the most sensitive structural parts of an aircraft are the

. wings and the
- empennage.

The fuselage has also been partly destroyed. However, for most of this structural part
tht inside ccaponents are dominaret.
This was the reason why damaged and undamaged wings and eupennagtso have been investigated.
These investigations have been done for

- given, specific wing and empennage designs
and for

- different design principles.

(Fig. I shows some of the different investigated structural designs.)
For these analyses a computer model has been developed, a so-called

Structural Strength Model



2. STRUCTURAL STRENGTH MOVEL

By using the Strutural Strength Model it is expected that the reduced I ad carrying
capacity of the damaged aircraft can be obtained. To squire this information it is
necessary to calculate the stress fields of a damaged aircraft structure loaded with
the actual loads which are present during the missfon. A very effective and powerful
method to calculate the stress fields is the Finite Element Method. The most important
advantage of this method is the flexibility in modelling structures. This becomes
essential for structural changes which are caused by damage due to ammunition.

The damaged structural areas can be considered to be holes with cracks, removed panels,
destroyed bars and so on. Apparently, there are different cziteria which determine the
reduction in load carrying capacity. Most of these critriia are

- fracture mtechanic criteria
- ultimate strength or strain
- stiffness criteria
- stability criteria and so on.

(See Ref. I and 2)

The model used to predict the residual loads of damaged structures, taking into account
the above criteria, is our so-called "Structural-Strength-Model" (see Fig. 2).
Essential inputs for this model are

- data of the wing
- load distribution and the

.. destroyed areas of the structure.

As a result of damaged structural araas the aerodynamic loads can also be changed. To
take into consideration this additional effect, an Aerodynamic Model is available (see
Fig. 2). This model is based on a Panel Method.
However, the most important information is the description of the destroyed area of the
structure. The prediction of these values has been accomplished by a Damage Model
(see Fig. 2).

3. DAMAGE MODEL

rhe overall damage of a structure caused by projectile hits is based on different damage
mechanisms. For high en:plosive ammunition these damage mechanisms are the

- penetration and perforation effect of the total ammunition (impact of the
ammunui tion)

- shock wave effect caused by thQ detonation of the shell
- internal nverpressure effect
- penetration and perforation effect of the fragments of the ammunition I
- hydraulic ram effect and so on.

The flow chart of these models is shown in Fig. 3.

On the other hand, some results from real field tests with different types of wings
and empennages are available. These test results are necessary to check and/or scale the
model results "nd to obtain the degree of confidence in the model predictions.
For the impact of the amnunition the destroyed areas can be described by a function in
which the ignition delay, the material properties and the kinds of ammunition are in-
cluded. The other effects are described by more complicated models.

.1 Shock wave model

fig. 4 shows the most critical areas for the influence of the internal overpressure and
tie shock wave of the ammuniti~n as a result of different field tests with certain kinds
o ammunition. This figure indicates that most of the sensitive areas can be described
i time-dependent pressure-loaded thin flat. plates.
Sthin plate can be so highly loaded that the deflection is much larger than the thick-

nesg of the plate without failure. Therefore, a second effect, which can be described
as a "cable-effect", occurs and leads to tension in the entire . te. In addition, it

I I1
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must be taken into account that the material can be deformed into the elasto-plastic
region. Hence, to describe the behavior of a loaded thin plate, the following physical

effects have to be considered

- time dependent load function
- nonlinear stiffness of the structure
- nonlinear material behavior
- different failure modes.

Our investigation of this problem resulted in the decision to develop a model which is
sensitive enough to take into consideration all of the above mentioned parameters.
This model would be a one-dimeslonal, mass-spring system where the spring stiffness is
a function of the deflection.

3.1.1 Static deflection behavior of a thin plate

The static deflection behavior of a thin plate has been described by a superposition of
the bending mode and of the effect of extending the plate as a function of central de-
flection. The deflection as a function of loading has been considered for both

- elastic material behavior and
- perfectly plastic material behavior.

A more detailed description is shown in Tab. 1. It also shows the model used to describe
the entire deflection behavior. The springs are nonlinear and the jump in the stiffness
of the springs indicates the change of the material behavior.

To check the results of the described model, a Finite Element Program, which takes into
consideration all of the mentioned nonlinear terms, was used. T.e applied program system

, was MARC. Figs. 5 and 6 show the comparison between the results of the Finite Element
Program and the introduced theory for a clamped square plate which is statically loaded.
Fig. 5 ahows the centrel deflection as a function of the pressure for low pressures, and
Fig. 6 shows the function up to very high pressures. The comparison shows that the
theory used approaches the Finite Element results quite well for both material regions.
Therefore this model is able to predict the central deflection of a pressure loaded thin
plate.

3.1.2 Dynamic deflectivn behav;ior of a thin plate

The description of the dynitaic deflection behavior of a thin plate has been performed by
using the same mass-spring system with the developed nonlinear springs. A reduced wai, it
which represents the effective mass has been used. With this modification this system
gives nearly the exact first eigen frequency (see Ref. 3 and 4).
The differential equation for this problem is nonlinear (see Tab. 2). The solution
technique used in an integration of the piecewise linear differential equation with
respect to the actual total plate stiffness. The different material bnhavior for loading
and unloading has also been considered and the pressure has been described by a piece-
wise linear function of time (see Tab. 2).

A very important question was the precision of the prediction of the deflections and
stresses with this model.
First. fnr tet p ,ianrnc... bha =a '-'•,"'--'w i.tha. both

- the model and with
. the Finite Element Method.

The Finite Element Peogram used was again HARC.
Fig. 7 shows the comparison of the results frem both. The essential result ic the
maximum deflection, and these values differ by less than 3 %. Only the starting phase
in different, but the maximum value is reached at nearly the same time.
Second, for some available test results from the U.S. (see Ref. 5), the deflection end
failure modes were calculated. Fig. 8 shows the comparison of the calculated and measured
results. For all of these examples the maximum deflectior or failure modes are in good
agreement (differences less than 10 %). Therefore, it is possible to predict the dynamic
deflection behavior of thin plates with the described model and obviously with the
Finite Element Method. However, for a large number of parrHmtric investigations, the
model ia more economical.
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3.1.3 Pressure as a function of time

The detonation of a high explosive ammunition inside a given volume results in an
incrrase of pressure within the volume. There are two effects - the internal over-
pressure and the pressure from the shock wave.
Fig. 9 shows the overpressure from an ammunition as a function of time for two different
venting areas. The overpressure is also a function of t',c size of the volume. However,
the shock wave is governed by the distance from the detonation point to the investigated

point. In Fig. 10 the reflected pressure as a function of time is shown for different
radii. A result of this investigation is that the maximum pressure defreases and the
action time increases with increased distance from the detonation point. The pressure
values shown are obtained from a U.S. model which is available for these investigations
(see Ref. 6). The internal overpressure charges the entire surface of the panels with
the same magnitude of pressure. In the case of the shock wave the total load on the sur-
face area must be determined by integrating over the entire panel surface. The pressure
from the shock wave is constant on a circle of given radius (see Fig. ii). Fig. 12 shows
the maximum shock wave pressure as a function of the rtdiis r and the affecting pressure
at a specified time after detonation. k (t) represents the iistance the shock wave has
travelled as a function of time after detonation. A corresponding integration procedure
is accomplished within the model.

3.1.4 Influence of internal overpressure and shock wave

In order to determine the correct response of a pressure-loaded panel it is necessary
to consider the simultaneous influence of both

- internal overpressure and
- shock wave.

Fig. 13 graphically illustrates the interaction of the internal overpressure and the
shock wave. In the example shown the deflection is greater than the allowable btrain
limit. The strain limit is not reached in the riases of the individual responses.

3.2 Hydraulic ram model

The Shock Wave Model is able to describe the deflecticn and also the stresses and
strains in a dynamically loaded flat plate structure which is used for some tanks.
Howeve r, when a hit occurs in the tank system a very complicated pressure-time-history
has to be calculated. An additional problem is to find out the material properties as
a function of strain rate for different types of e.g. rubber material.
Hence, if this information is available, the Shock Wave Model can also be used to
predict the hyJraulic ram effect for the surrounding panels.

3.3 Fragment penetration model.

our first Fragment Penetration Model corsisted of a box with all of the real cross
sections of a portion )f the wing. However, the format of this box was rigid (see
Ref. 2). To improve the flexibilitv of this model, an advanced model has been developed.
For the stress and strain calculation the Finite Element Method has been applied. There-
fore, u definition of the structure with a similar description for both

- the Finite Element Method and
- the Fragment Penetrat'an Model

has been found tn be very useful. A further advantage is the applicability of this model
to aifferent kinds of structure. With this model it is possible to idealize structural
parts in 's much detail as necessary.

Fig. 14 shows an example of a portion of a modelled wing with honeycomb panels. The
model predicts the fragment penetration points on the panels. In addition the model
calculates the depth of fragment penetration, and this represen, . a distinct advantage
of the new model. This analysis capability is essential in investigating relatively
thick panels (for example, for the defintion of three dimensional cracks in these thick
panels).
In Fig. 15 a thick panel of a wing is shown. The letters indicate fragments which are
not able to perforate the panel and the numbers indicate points where the panel is
penetrated. (More than 60 % did not go through the pi -1.)
Figs, I6 - 19 demonstrate a comparison between model predicted results and field test
da La
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Fig. 16 shows the spars and ribs of the struc•ure and Fig. 17 gives further information
about the use i honcycomb pansls.
The r.odicted results are shown in Fig. 18 and in F4. 19 the real test result is
illustrated. As x resuit of the comparison it can be seen that the model predictions
are in good agreomett with the ' xt data,

4. HIT SENSITIVITY OF A HONEYCOMB STRUCTURE

For a ;Ailitary aircraft it is very important to choose a design which has a low
structural responue to impact damne. An *nalysis hAs been rerformed to investigate the
behavior of a honq.ycomb structure which has incurred projectile hits. The honeycomb
panels have a higher bending stiffness than that uf a stiffened panel. In addition, th-'
structure of the honeycomb panel consiats of two plates and consequently diffarent
effects can be expected.

4 4.1 Pressure effect

Pan'- thickaess is one of the essential values in date- 4ing the tension of a honeycomb
structure ad a stiffened panel.
To investigate the influence of different bending stiftnesses andqqual entire thicknesses
the Shock Wave Nodel has been applied. The results of this investigation are shown in
Fig. 20.
This comparison shL-ws that there is no significant difference between the designs. Hence,
the increased stiffnems does not give an advantage. (This result is in agreement with
our shooting test data.)

4.2 Fraguent effect

To determine fragment effect for tha honeycomb structure and the stiffened panel dnsigns
the Fragment Penetrating Model has been applied. Fig. 21 shows a result for a stiffened
->anel design. A largeiregion is destroyed by the fragments. In addition to that Fig. 22 a
shows the inside panml of a honeycomb structure. A compirisov of Fig. 21 with Fig. 22a

,: •shows that the perforation of the panel for the inside honeycomb plate is slightly larger.
However, the result for the outside plate is different. There are only a few fragments
which have penetrated this plate. The prediction is, that th4 outaide plate of the
ho,,eycomb structure is not destroyed by che fragments.

4.3 Comirtrnd eff.s%

In the case of the example shown the pressure effect is dominant. Therefore, there is no
significant difference between the houeycomb and the stiffened panel design if the nmber

of ribs and sparm and the thickness are the same. However, if the increases stiffness of
"* the honeycomb panels used to reduce the thickness and/or the dimensions of the other

structural parts an increased vuinerability would be expected. ior a smaller emeunition
or an ammunition with a smaller pressure effect, the honeycomb design provides some
advantages:
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TABLE I

S-atic Defl•ton BehMvior

1. Plate

* 4 'AZ _ .0 C1

-grr • W

for elastic material behAvior

p A - K, W

for perfectly plastic material behavior

p • A - conat

2. Thhi_ plate with large deflection (without bending otlffn.ss)

for elastic material behavior

p - A - K2 - W2 + K3 W3 +
with

K2 .' K3 MaO

for perfectly plastic material behavior

p.A - K-W

3. MIodel to deacrib. the entire static deflection

ýKl K2 M,-.lc€, ...end;: -V

elastic plastic fersion



TABLE 2

Dynamic Deflection ebavWor

Model t

p(t) A

Differentioi eguation:be

ared- W+C(W) . W - p(t) - A

Pressure as a function of tiN|

t n-I fn (n÷ I-Inme
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FLUJ.D DfMLWC ARAI~ ISIS OF KYMTIJIC RAN
by

Dr. Eric A. Luadstrom, Phtysicist

Wallace K. Yung. Aerospace Engifeer
Naval Weapons Center

China Lake. CA 93555

SLOIARX

The hydraulic ram pressure loading associated with the ballistic Limpact of 4 projectile iLuc a aircraft
fuel call can cause catastrophic failure of Lhs call mod result in several enowe of aircraft kill. much as
fuel starVation. explosion. end fire. In addition. hydraulic ram proesure pulses is the fuel can iamesg
critical components within the cell and coompoento lying outside of and adjacent to the cel.l walls.

This paper summarisoo ongoing work aimed at providing a theoretical basis for predicting hydraulic ran
pheomea. maalbe&boa deeloedfor predicting fluid pressure fields generated by twolig aLi~tary

minanitlion. Derivation of thu model is described. and co~arlsou with experimental data is abow. Agree-
smat of the model was quite good with shots (tred into a teat call with 0-degree obliquity. Siaftmcamt,
deviation Of the moPdal from experiment wee obtained with X0- sad 45-degree obliquity abate.

LIST Of STUOL5

a - cavity radius
A - NAKLIMM Cavity radiua
A.,-value of A at point 1C, Oa the trajectory

A * projected frontal are& of the bullet
* 0 __

c-sound speed in tits fluid
CD . drag coefficient

9 - projectile kinetic energy
L * a Jacket kinetic energy at point X

*-projectile Mass

gas dpressure iti the cavity

r -disatn,.v from point (a, 0) to a point on the trajectory
%t, distance from apoint to the projectile
go* distance from apoint to the projectile Impact point

t,* time
Lb *time of projectile arrival at a distance 1 b
u - magnitude of the vector
u - fluid v*Locitx

-m .component of IIn the a direct ion
u. - component of u in the w. direction
V - projectile velocity

Vc initial projectile velocity
awposition coordinateI

Xb- distance along the bullet trajecLory
X- distance where jacket stripe

X1. E.j*. . - bullet tumbling distances
rA-paramter I& Kaj. (5)

a- velocity decay coefficient

ii c. is& - v-lIe of 0 for tusibilmug bullet&V value of b for bullet jacket

: source strength

-retarded time given by t - r/c
- perpendicular distance from the bullet trajectory

ji integration limit on w

INTRODUCT ION

Hydraulic ram io a phenomenon that may cause catastrophic failure of aircraft cells wbo they ate sub-
jected to ballistic impact. During impact mand penmtratioe of the fuel call. intease preesure waves are amma-
grated by the projectile. The response of the fuel cell to this prouisure loading varies according to its
construction. For exaimple, the wells of en integral fuel call are formed by the aircraft skin. which is
usually constructed of high-strenigth, often brittle matal designed to withstamd maormel CILM Leads. This
type of structure can fail catastrophically in respen"e to hydraulic rom pressure Loading due to severe f rac-
turing of entrance and e"it walls of the cell. Self-seeeling fuel cells can also be defeated due to hydraislic
rem by gross tearing of the mnatainal or by misaligmea of the wound edges, therobY defeating the self-
sealiug process. Goth of these effects becom Increasingly severe Go fuel cells becan mamlier sad



projectile kinietic energieas IaCteaO3.

Vuel-..ell failure can lead to numasratu molten of airurait kill. QUO Particularly effective mOde is fuel
ataivation rsulting from a eumpl tank being hit or theo failure of a ce.1l which coMtaine & Large proportion
of thet tmtal oydtem's fuel. Oither possible kill mude. are explosion and fire, Ignited by an incendiary pro-
je.-.till or by secondary Ignition sources Within Lb. aircraft. In addition. the hydraulic ran pressure pulse
can directly damag criticael copimeawta. much ats pumps and ValvVa Within tits cell. or it can indirectly data-
ago 4.11UtIOeuts LthaL lie outside at aisda adjacent to Lite call wall*.

liuriag penetration of tile bulk of the ti. 1. a pressure field is generated that acts Lu displace the. fluid
fran the projectile pact&i. Applied LUthe Elioojoctil's suriace. these prommures iura tihe source of thia dr.Ag
force that daieLeatato it. In thisi ma"nnr the. projectile eaturgy is gradually transforgled into the kinetic
energy at tilud motion.1.

udn of titmst SOE trikilig phanomenum associated with balLiatic penetration ot fluids its the formation of
a Large cavity behind the projectile. Tile cavity in tilled with a liquid vapor evaporated irom Lhe cavity
surface eand Air, Which cankl entwx the daviLy through the agitraclce and *ALL wounds. Thet pressure of thiese
&"*as in normally very low. The dyniamic behavior of the cavity ii. Loosely anaslogous to that oi a Cavity
formed by ask underwater expluaiun, Tite original outwird motion uf the4 fluid imposed by tile Passage Of the
p~rojectile in opposed by tham lireesurea difference bietweena the ambient preasourv of Lhe fluid and tits cavity
pretssurv, togetiwr Witin tile restraining effect ul the fuel-cell Wallis. Tits cavity will thou expand to smen
masiluut slAv, and then beigill Lu contract Until. eventually, it will cl~oce. Fur A Lonstant VVeoCity Projectile,
thisi pgroces rwialt. lit ua cavity that Is sauguhly Vllipcoidal in4 shape. lhet lsit"Am size of ther Cavity is
indicativ it tf iae Initial kineotic energy of Elie outward motion tit tEli fluid and restrailang forces.

ill uot lAbortAory wAperimeot~s. bullu'.a are fired Into a tuel -.el l i as ooiyawed attitude. Sia..e a bullet
to uAnotable Lit thin attitude, it will tumble. usually within I toot oi the impact pulial , n Lihe tumbled Con-
liguratjori, tfw bullet loge. mucitenehrgy to the fluid by virtue oi its hydrodynami, dragl And, tiiarefore. 6mn-
4!rates A muo,1 kl.~V iui.y avity. a.. tiV caVity begiins to collapso, it usually relaxes into at spherical chap.
aaitotrmd rtiughll. at the point of bullt Luab'ing. The ga10 trAPpead Will rebound. Thus, till cavit 'y may oscil-
late thiK,1Ugti WWVWCaI sUchJ L..ycles until tile enalrgy ot ilah fluid is llibcipated. Each reboutid of tha cdv~ty is
A~comfi)iiiid b.Y A iresasur' r.~. Tite peek prwmburv and pulse width, depclid on theD total energy ui the iluid.
Lt~e taounL t V.2ge trA)aWo ill the cavity. And Claw Natant of cavity shkapi deviation from epherical SYinetrY.

btiatra. and Luadiebrig (Kefervitcus I And J') a. wCll as ýurkuvlch (Refoezvnce 3) have conduictad extensive ax
perimiviital And tilwogýti..l work il thle 1l6id dyAaaairs '.1 hydraulic ten. Tite thisury prevented i Li itle paper
I.. a dirert vi~telistlil oll thea 140am roported ill theee three xelaruncus.

"cLLE1 lii AiLt~b

Sullota are only marginally Stable in their wuivaueld attitude. AsYlumtria; forces, Acting on the bullet
dul'i~le im1paAct Into . fl11id, Viten causeb cuetll 1-witurbationm lit bullet attitude that are than magnified by
the draig furce..a encounterild. Am a consequeince, an exper~imentally fired bullet Will tumble during tuel-cell
poinet rotIon. Wiflli Lthe bullet i. tumbling. lift forces are generatvd perpendilcular to Lii. line of flight.
Filallv, tile bullet ill Npinning very rapidly which, combined with the lilt. forces, produce a spiraling tre-
Jvctory t hroughtil LIe luid.

For an airl rail Lt fi Ilight. ait imp.ucting bullet will either be tumbled at imaqct or It will start Lu tumv-
5le Within InciIV% Of Lthe point Lit entry. 1111s in due to the relative moition (it tits Aircraft, Whic~l gives
tile bullet a signiiiceait anigular, devistiulii from it% unYaWVd AAttitude. Tits deviation will be meguitiadi by
tiiw perirtrAtioii uf intervening aircraft atruictuct 3.o that, in tht- worst cage, Lim. bullet; will be ful-ly tila-
bled up,''n imptct.

lor cAlculiating fluid prV*saurwad it Is necessary to know the velocity. the rate of kinatIc energy loss,
andj thie time of .Arrival of thea projectile As functions of dil"aiace along the trajectory. To obtain esti-
flates of thvbse qiuantistiv. A simplified model of the complex bullet behavior In used.

Iti, buwllet is 4asiumed Lu trsavel in A Straight line. Along this line Its velocity ia lgiven ty,

- .- _- V (1)

ali~fr.- V and 'bdetnute thle bullet velocity and Position. respectively. The velocity decay coefficient. i
ill given by

L 11 A,)(2)

where .1' ii. thi, fluid detnsity, A Lis the projected frontal area of a bullet, il In the bullet mome, and 'ai
a dimenulurilecsn drag colitficiend, which, In general, depondi. on the velocity and yaw angle of tha bullt

Tito rate 'it kineti- ellergy JOH9, JE/d~9 . where E - 1/1 uV1. is lilyn by

dXi-m~ (3)

It ,, its a knojwn function of X b and V. Eq. (1) and (1) can bt- integrated to give cii. desired results.

based onl experimental obscrvationsm. the variations Ii I', with fu (r tumbling bul.Lets Is expeocted to be
'.imilar tu th~at shown In Figure 1. The bullet entear's the telt cel with a U--degtree yaw with ii - i 1 , and

IL__
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DISTAUM ALONG TME TRAUCTOR. X6

'.WIRL 1. Variation of thea Vlocity Decay Coefficient.

continuea Mtil It rVoches a poLa. X1, along its trajectory where it begina to tumble. At a further poist,
* Xa, the bullet is fully tumbled with b - t•. As the bullet proceeds. It continuea co tule is a cycUlc me-

nor. An empirical function having those propertioe is

d ( ib Oa(~ - 61) - - Gus (46)~2i
for X, ' Xi.

0A +08 -4SA - I coo[Xb(4b)

f116 X. 1 X, , Isd Me S m. The val-e, 8 s, CowreapURdA to the bullet moving in A terM-ftirat attitude.
For simpi• ity in the following analysls It has bees ceemin" that the tumbling proceed. at a constant rate.
that Lu

It X * Xj - lA " X. - X&..

A value of the eapoaeft a - 3 wea found to be reasonable.

Daring many experiments It wax nol!d that the jackets were stripped from thu armor piercing cora of i•he
AOL (armor piercing Lncendiary) asMitIoc. The kinetic energy of the Jacket and incendiary is approximately
40Z of the total kinetic energy of the completu ram". Depoei"tin of this energy into the fluid is evidenced
by a distinct pule. on the experimetal pressure records.

A crude method -for Lncorporating the jacket eorgy depomitiom into the hydraulic ran model is as follode.
The projectile penetrates the fluld in at ourn, fashion for a distance X_ where the jacket strips. The ki-
antic emnrgy of the jacket and incendiary material in calculated at thlupoint. The energy dopoitioa of
the armor piercing core ia then calculated in the aormal msmnr macpt that values of 6 appropriate to the
crae ait ba "". Tu smosry .ipowiuioa oe the jackst is asoamme to be eapomential. an is added to that
of the core. The equaeltio for the total e4er5y deposition is than

cc 3 0~ (5)

where the subscript c LsdLcatee proprrties of the core, end L. is the kinetic energy of the jackat at X
rhe parameter. 8 . dictates the distance over which the Jacks imorgIs Jepaoleted is the fluid. A retaon-
able value can b" obtained from Eq. (2) usang the jacket and incendiary Men, the area of the tuabled round,
and a drag coefficient of 1.0. The factor, c. in Eq. (5) was LcLodad to allow nijuaoweni- of the pulse
height to agree With the esaperimt. A coestant value of a a 1/3 wan uned throughout the, aalysise. nd re-
sulted in a reasonable deecription of the stripping pulse for mut of the shot*.

PiUSUI FIELD AUALYSIS

to the light of tih previous work (Meferescee 1, 2. and J). the problem of predictiap the pressure field
generated by a bullet In the drag phaae will be rexainod. Ieca••e of the mathematics; lifficulties Lntio-
daced by the wall boundary conditions, a sLmple model which neglects the wall eifocto will be coasidered
into. A schem tic of the •mroL is osowq In Figure 2. (Tbe etffect of the walls on tha prazre field £0

discused in the following oactium.)

• i i i i ... . ;. __ _ i i iiiii
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previously.

It is Assumed that thei flow field ;an be de"crilied in tersm of a potential function. 4. which satisfies
the* wave eqat ion.

c'It (6)

where c is Lithe Lped of sound in the* fluid. ill terms of this "toential the fluid velocity. u. is expresed~ as

and the fluid prembure, V. can be obtained from Bernoulli's E~quation

0.

Since we lidve not yut in~ldude the elfetvit )i Lthe wells, the proper boundary Londitions for kql. (6) are
thAt the fluiud velociý:tv is tangentlial to Ole pruloectile surflace and that p - p on the :&VitY kliidface, Where
pc denotem the pressmure ini the ".Vity. It I is aseuad that p Is conm16Cnt throuuhout the cavity. Under tit***
restrictions, Ltue prublvm is Lo determisne the pirissure as a1 function of time at any arbitrary point (K.
whetre, as bhovri in Figure 2', is thv perpendicular distance vi this point from the x mixisi.

kLvcli after tieý,. limpiific.Atiulas. the problem it. unormosusly diffhicult to solve. Therefore. the approach
t.4kun hers, i .t ignore Lthe boundAry conditiun-i and then try to ap.)roximate the effect of the bullet and cav-
it, ' vit the I iuld tiv thuv act ionaof a linte of mources distributed silong the bullet path. ColnstiqocntlY. Lthe
r.;-uli'ns tloa I ielt Is svmnirtric ibuut thss X Aihi. The potenlt ia due to theme sources can be expre,. .ed am
Liht intvgral

~ b (: C

where Is the di.tLancv along then trajectory. r is the distance froui the point, n, to (1,o w) and I is the
source ýýtrengtkn At :1. io account tor the finite mound, Lthe Integral imiaL be evaluated using the retarded
timQt t - rA.. Hatlauds were derived in the section oin bullet dynamics to determine the bullet time of
arrival. tit. .n thke trsjvctory an a function of the bullet position, L.,,The results of the theory are not
considered t- rie Vdild during the casvity collapse; therefore, Ltke Io. lm It in this Integral can be taken
Asm gero. Ilas upper li'iit, Xb. denotes the projectile position when - t b

In order to determine tha- source! strength, %. an estimate is madii by a method based on the conservation
of energy . For thils purpose assume, that the flow Iis confined to a slice. da, as shown in Figure 3, and that

*approaches infinity. The fluid velocity in thin slice ie then

At the cavity radius, a and u - da/dt sio that

I da (1

Following birkoff (Reference 4). the kinetic energy of the slice is added to the potential energy a

balanced against Lthe enlergy deposited into the slice by ther bullet. The result Is a differential mquzl.Onl

for the cavity radiun, a, which, when integrated, can be used with Eqs. (11) to give the source strength(2

-!A2 !A (t -L
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CAVITY SUWRME

FIGURE 3. Flow Nodel for lotbmatia•g Cavity Growth aud Source Strength Variatiun.

iwere the maxm cavity radlus, A. is &Iven by

A 2

-d
Po - c

2 p0 -pC
0N t

The parater. M - In i/a, can" from takling a finite limit, U, to the integral giving the kinetic energy of
the slice. If the upper limit, Q, were allowed to be infinite, the kinetic emergy would become infinite,
which is a physical imposibility. Rance, the limit, U. will be asasued to be finite. Slte N is a slowly
varying function of Q. 1ý will he trcated an 4 constant. This 1t justified in that. for the special case In
which a bullet in traveling with a constant velocity, the correct cavity shape is obtained for conetant values
of the quantity ;/a Ln the 20-30 range (Reference 4). Physically, this step can be ratioualised by consider-
ing the neglected Influence of the noncylindrical divergence of the flow.

The pressure field cesulting from this live of sources can now he calculated. Substituting Eq. (1U) for
the source strength in Eq. (9).

- jibW~t) - ait t W tb~Idk (13)
0

Since ( had to he expressed in term of the retarded time 'i. t In Sq. (12) was replaced by t - rnc.

The tern in lernoulli's 9quatioa for the preessure cam be obtelaod by differ fLtatring Eq. (13). For the
time derivative ow obtains

at (Lj

V LC ___

whare A and kI a•e distances from the point (,zw) to the impact point and the bullet, end Ab denotes the

value a h evaluated at %.

The fluid velocity component. %, is given by

At . +"b 5 A). - tb() a - , (15)
Ux -•- , ro

C 0

Since the fui.ctilo A(() and t (4) depsnd on the timblAg behavior of the bullet, the Integral In Eq. (15)
cot be evaluated explicitly. The velocity compusent in the w direction, sn, io given by

"U + 2% - + A L (r ) - 3 t - t (01.) d4 (16)

c Rb

1L



PRESSURE WAVE REFLECTIONS

Pressure wave reflected from the fuel-cell walls play an important, if not dominating, role in determin-
ing the total pressure field within the fluid and the pressure loading that acts on the walls.

To confirm theoretical predictions of the pressure field produced by the bullet and to visualize the hy-
drodynamic processes, a simple method of accounting for wave reflections can be used. This method is based
on the solution of a problem given by Cole in his book on underwater explosions (Reference 5).

Consider the case of a plane, acoustic pressure wave that impinges normally upon an infinite, flat plate.
Wave reflections within the plate are neglected so that the plate will react to the pressure loading as a
rigid body with no internal stresses.

As representative of hydraulic ram in an aircraft fuel cell, consider the case of a 1-ms pressure pulse
in JP-5 fuel incident on a 0.0b3-inch-thick aluminum panel. A common wall material used for windows in hy-
draulic ram experiments is 1-inch-thick plexiglass. Figure 4 illustrates the effect that walls constructed
of these matarials would have on records of the normalized total pressure taken at a distance of 5 inches
from the wall.

2.0

1.0 - - 1 INCIDENT WAVE0.5

0.5 PLEXIGLASS (1 INCH) ..........

LU

-0.5 ALUMINUM (0.063 INCHI

FREE SURFACE

-1.0
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

TIME, MS
FIGURE 4. Total Pressure Versus Time of an Exponential Plane Wave Impinging
Upon Plane Walls of Specific Construction.

It is obvious from this figure that the reflected pressure waves are extremely important in determining
the measured pulse shape and impulse. For the rational correlation of any theory with experiment, the theory
must include the wave reflection effects. The analysis also brings to attention the phenomenon of bulk cavi-
tation In the fluid. As shown in Figure 4, the pressure becomes negative; that is, the fluid is in tension.
When this occurs, cavitation in the form of a dispersion of small bubbles in the fluid is possible. After
the inception of cavitation, the analysis is no longer valid.

A curve for the case of reflection from a free surface is also included in Figure 4. It is apparent that,
for comparing experimental with analytical pressure measurements within the fluid, it is a good approximation
to consider the walls as free surfaces. To a certain extent this is true ever, for heavily constructed walls
such as thick plexiglass. if this approximation is made, then, for rectangular volumes, the method of images
can be used to account for the pressure-wave reflections. The incident pressure due to bullet penetration
has been approximated as arising from a line of sources. Reflections from a flee surface near this line of
sources (or sinks) can, therefore, be accounted for by adding the pressure due to a mirror image line of
sinks (or sources).

BALLISTIC TESTING AND DATA REDUCTION

A total of 53 shots were fired at muzzle velocity into a water-filled test cell instrumented with five
Kistler 601A pressure transducers. The rounds were .30 caliber AP, .50 caliber API, 12.7mm API, and 14.5mm
API. The parameters that were varied were impact plate material and thicknesses, entrance angle obliquity,
and bullet attitude on impact.

The test tank was a 5-foot cibe. Entrance panels were 2 feet square, and two 1-inch-thick plexiglass
windows were placed on opposite sides of the tevt tank for high speed photography. These provided a 30-inch-
high and 36-inch-long field-of-view.

The five Kistler 60tA pressure transducers were mounted at the end of 1/2-inch-diameter pipes extending
beyond the open end of the tank. The pipes were, in turn, mounted to a separate frame isolated from shock
and vibration in the test tank. The transducers were placed 6 inches above the expected trajectory of the
0-degree obliquity shots and spaced 6 inches apart.

The size of the test tank was sufficiently large so that pressure waves reflecting from the tank walls did
not arrive at the transducer locations until approximately 1 ms after bullet impact. To avo.id the complicating
effects of the wall reflections, the analysis included only the 1-ms time interval. Wave reflections from the
impact wall could not be ignored. Because of the lightweight construction of the entrance panel, it was as-
sumed that the pressure waves reflected from it as if from a free surface. The reflected pressure wave could
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then be calculated using the method of images.

Initial values of the drag coefficients for bullets in the O-degree yaw attitude (C - 0.05) and in the
tumbled attitude (CD - 0.30) were obtained from Yurkovich (Reference 3). The drag coeFficient used for the
bullet traveling in a stern-first attitude was C - 0.82 corresponding to a circular disk. The trajectories
were measured from high speed motion pictures ofDthe shot. On the basis of this comparison, the drag coef-
ficient of the .30 caliber AP round was doubled to C - 0.60 for the fully tumbled attitude. The accuracy
of the experimental trajectory measurements was not kufficient to obtain direct verification of the drag co-
efficient for the 0-degree yaw attitude. Therefore, a comparison between theory and experiment was made of
the initial part of the pressure pulae which was generated by the bullet in its O-degree yaw attitude.

Much better agreement was obtained when the 0-degree yaw drag coefficients were doubled to C. - 0.10 for
the .30 caliber AP and the 14.Smm API rounds. However, the O-degree yaw drag coefficients are particularly
sensitive to the geometry of the bullet nose which can be considerably distorted during impact and penetra-
tion of the target panel. It is expected, therefore, that the O-degree yaw drag coefficient will vary with
impact obliquity and velocity as well as with target thickness and material. The drag coefficient for the
armor piercing coze were taken as identical as those of the complete round.

The tumbling distances, X1 and X2, could not be accurately measured from the motion pictures. Therefore,
a computer program was written which calculated those values of X, and X2 that minimized the rma error be-
tween the experimental and theoretical pressure pulses.

COMPARISON WITH EXPERIME4NT

The agreement of experiment with theory was, in general, quite good for all shots impacting at O-degree
obliquity into the test cell. The pressure pulse recorded at two of the transducers during one of the 12.7ma
shots is shown in Figure 5 together with the theoretical curves. The origin of the time axis in these plots
is arbitrary.
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FIGURE 5a. Pressure Versus Time Plot; 12.7--- API; x . 6 in.; w - 6 in.
The overall accuracy of the theory can be assessed from Figure 6, where the experimertal peak pressure is

plotted against the corresponding theoretical values for 18 of the 12.7m API shots. The theoretical values
lie. in all cases, within a factor of 2 of the experimental valjes and are, in most cases, such better than
that. Similar all s for the f.tmm APIo .30 caliber AP, and .50 caliber API show the tsae agreemnt.

Comparison of the theoretical bullet trajectories was made with experimental points taken from high speed
motion pictures. Figure 7 shows the trajectory obtained for the same 12.7m API shot whose pressure pulae
was given in Figure 5. Similar plots were made for a number of other shots and showed somewhat worse agree-
sent on the trajectory, but much better agreement of the tumbling distance, Xz.

The tumbling distances varied quite widely from shot to shot. The actual distribution of theoretical
values of X, and X2 are shown in Figure 8 for the 12.7ma API shots.

The pressure pulse produced by the stripped-off jacket of the API rounds is of interest. A good example
of this for a .50 caliber API shot is shown in Figure 9, where the pulse can be easily identified.

The agreement of experiment with theory was consistently bad for the 12 shots fired at 30 and 45 degrees
obliquity. A plot of the experimental and theoretical peak pressures Lp shown in Figure 10 for the 12.7m=
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AP'I shuts. The theoret-ical vailues are consistently too low. There are several possible sources for thils

disaglreemen~t. First. because of the .onzero impact obliquity. tihe path of the bullets could de.,iate con-

siderably froma a straight line. Second, the bullets could be deformed producing a aifferent drag coeffi-

cient than in the 0O-degree obliquity' shut-;. In addition, the jackets could strip off in a manner different

!rum the O-degre obliquity shot.,. The- actual sou~rce of tihe erro)r coul~d not be discerned from tLie pressure

trjLcc:i, and no motion pictures were taken o~f these shots. ]The possibility of faulty experimenta•l technique

exists. Ii; •uomparisun tf1 Figures 9 and IU. the pealk pressures measutred for the oblique shots are much

hiighter litan Eho,,s, with 0-degrtee obl/¢lulty e'ven thougli the latter shuts passed much closer to tihe pressure

t ran4,iu:cv.r .

A th,',ory has 1,etei derived tfor predic:ting the. pressure field generated in a fluid during the penetration

,lu"mtbling. m•ilitatry ammnunition. 'rite theo~ry was tested ogainst pressure measurements taken during a large

rilui*s.J•r #of shtl'ti sing Lt variety of ;tmititaition. Agreement between the experiment anld the theory was quite

;€,,, for Lho%c %buots Imparting tihe test cell aIt 0)-degree obliquity. Shuts at 3U) and 45 degrees obliquity
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were in serious disagreement; the predicted pressures being conmistently too low. The reason for this dLie-
agreement could not be resolved.

Further ballistic testing is desirable, first to resolve the discrepancy with oblique impacts and, secoad,
to test the theory at lover impact velocities.

Solutions of a simple problem illustrated the importance of wave reflections from the fuel cell walls on

total pressure field. The problem of obtaining the total pressure loading on the wells will require
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further theoretical advances.
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SOMMATIRE

Aprts I* rappel de quelques inkthodes, classiques et par 611ments fitaia,utillisles aux AMD-BA pour le

calcul des chocs, et des r~ponses transitoires, not,. exminerons lea possibilitis d'application Bur tee pro-

bl%%mrs suivants

*Rdponse do Ia structure opr~s impact d'un projectile vur un blindage.
-R~ponse des structures aux effets de souffle d'explosion.
-Calcul des atterrissages dun., catapultage et roulement.

On abordera le proble~me du caicul pratique do I& tenuie rksiduelle des structures localement endom-

magdes

SUMMARY

After reviewing some of the methods by finit, elements, used at AMD-EA for calculating impacts and
transitory responses, we shall examine the possibilities of application in the following cases

- Response of structure upon impact of a projectile on an armor-plate.
- Response of structures to forces due to explosion blast.
- Calculation of hard lending&. catapulting and tailing.

Moreover pratical calculation of the residual strength of locally damaged structures will be
considered.

t - I3Thi10DUCTION

Loa problimes d'impact de projectiles cur lea structures ne sont souvent traitables que par des

mikhodes semi-empiriques ;nous allons corner certains dos points oi6 lea techniques modernes de calcul, en
part iculier lea m~'thodrs d'61kinents finis, peuvent apporter tint aide

- Rkponse d'une structure aprts impact d'un projectile cur tin blindage -.Is loi du choc out le blindage 6tant
supposde connue.

- Rdponse dos structures aux effete du souffle des explosions. on montrera que cc mode de destruction n'est
pas dorsisonnabie pour lea avions modernes ton I-voquera Ic calcul de choc tr~s bref Cur des ogives cylindro-
con i quesa

- Reponae des aviona lors des atterrissages dun,. catapultage et roulement stir obstacle

Cci types de prohli~mp 4tant tous traitables par urwmfuw modolipation nuafrique.

- Mathode des iltments finis pour Is discr~timat ion dane l'espace.

- M49thode des differencre finies implicites pour I'Litude dona to temps,

On veins que ces modflinat ions condulsent malheurcumement souvent A des calculs d'une telle cample-
xit6 que leur utilisation syatitmatique n~est paF actuellement industriell ement rentable, tant du fait do Is
longucur des calculs que du nombre des donn~es I rassembler pour dtccrire le ph~nomne.

L.'autre point oi6 lea techniques de calcul par Elements finis sont t6videinent f6condes eat celut do
Is tenue risiduelle des structures sprks endommagaent,

Ces calculs prksentent deux aspects difftrents

- Calcul de "fail safe"

?dous d~crivons tin procddd permettlant d'effectuer tribs rapideoment ce type de calcul sans avoir A
Pffectujer une r~analyse complk~te do I: structure.

- (Alcul de propagation de fissuret

Noise utillsons In milthode, smintenant "clamaiqup" done lea #zudes de fat iltu, de l'fnerlgie de
dislocation



2-KAFPPI. DES METH~nES DV! CALCUL DES REP(UISES STRUCTURALES EN TKMISITOII(E

2.1 - Equation do In swiear.!t-i lin~arisdo

Sait X I@ vecteur reprfsentant te dtplacewnh des dogris do libert# do Is structure ;on limifarisaot
lea 4quat ton a do I&awmcanique pour lea petits mouvomonts, et on lsbsence do frottoment Interne, i1 vient:

I Im] x . (NJ x . r (t)
Los matrices do maose et do rigiditd 1111 ot (K] sont #labordes par Is mdthodo des #1fwnts flise

X reprd~sente alors lts d~placemonts des noeuda du maillage, son rang eat gditkralement do plusieurs
milliers, voire dicaines de silliers

11 est plus simple do no pas tenir compte des frottements interne$, car caux-ci soot foibles at mal
connUS (de plus non lin~aires). Les nq~gliger rovient A L~tr* conservatif dens beaucoup doe cog.

Noul pratiquons 3 types do fsqon d'Int4grer dens It temps le systkmo I

- nti~gration dena une base r~duite doe modes propres.
- nt~gration sans rdducttan doe base par mdthode do diftironces finite implicites.

Romargue prklimin~aire importanto

Toutes lea m~'thodes quo nous allona d4criro r~sultent du fait quo Ie plus grog des calcula Bur ordi-
natour, eat lobtention doe linverse doe Is inatrice de rigiditkEw [I ou cello d'uno cambinaison [K) *j

Cette inverspeoat kcrit sous uno formo dite actoriske quo nous calculons par ~a ni~thode
de Gauss tFrontale ;cett forine eat relativemont "creuse", cependant pour lea probl~ses ditpassant quolquos
mnilliera de degri~s de libeitt(, elle ne peut plus tenir dens I& mftoire centrale des ordinateura actuols.

Dana co can, it eat prflf(rable d'utilisor leos mthodos doe r~solution A seconds membres simulian~s
plutbt que successifs pour minimtiser tea accks aux fichiora ptriphkriques ou sc trouve I& matrice facto-
riste.

Cc sont eel considdrations tactiquos qui ont inspir4 It choix des in~chodes quo nous shlorn ddcrir*.

2..' - IntEyration den. uno bese do modes propres

C'ý-tair jusqu'l cog dernit~res ann~es Ia ukthodo Is plus utilisfe.

Son principe oat he suivant:

-on calcule. ov on inesuro, lea modes propres do Ia structure, lea vecteura propres sont rang~s on
colonne dens uno matrice [in]

On inti~gre dens uno base rtýdaite telle que DO I (a] z
t.e systi*ffe I devjient:

2[M] X"+ [h] 1 (

u)et[k] -;ant alar'i do'% matrices disitnonalea et lea Equations du systtlmo 2 deviennent d~couphdes

!.'in!;-grfit in dens le tempo no pose alors plus doe probli-ose.

Nous effectuont; Ii. talcul des modes proprea molt

par Is rxtthude die Lanqzos-hr~van directe.
-par to-!!#- ý#tme -nfl~odr, 'g'ai'i utiliske. sur une base r~.duite soloin let principes du 1 2.3.

Parini 1,s ln tnvtlnients doe Is othode, on pout citer

*do nq esitt..er It. talcul des modes proprec,
-ce cal,'jl (*tn! lonuR, on eat conduit Ik prendre uno base trop rostreinte,
r-ft ý iasr trop rosotremnte eoinche dens Is pratique le calcul des efforts sur Is structure A partir des
d~fornst ions.
o* l(.e CC nisi.vaise quand lea forces d'excitat ion sont concentr4eca,
4-11l.. est .-x,lItsiv.-rent lin4tairre

'Or. avantaice eat de. potivoir #Irr pratiquke h partir des inosurorn des modes, et store doe conduire I
do.- atc,,in eatrfmiveent simples.



2.3 - Inrtzration our UN. base r~duite - base do charaiment

La r~d'Jctiofl do bae. out falt. our to wdw Principe quo cello du paragraphs, prdc~dent, usla In bao*
rd'duite [an] neost plus uno base de modes proprs..

Ding to pratique cotte r~duction no pout Otre arbitrairo on a Jntkrft A ce quo lea diforafts do

ble quo le second umebra F puisso stre *xpriau4 totaloment done 1 mebase do fagon li ce quo catte

L'int~gratLon dons Ia base rdduite pout #tre conduit. par Los ukthodes classiques.

Le coOt do catte mfthod. eat ossentiolloment celul des rdsolutions do systaeo linfaire, avoc: seconds
uembras simultands, qui mont peu ondreuses of on utiliso Is m~thode do facrorisation do Gauss Frontalo.

Son avantago par rapport &Is to thod. modal. oat do pouvoir contraindre Is structure dons une base
couprenmnt at% choix, des forces concontrdos, forces do surfMCW3 et forces d'inertie ;alors quo Is mfthod.
modals contraint La structure par des soules forces dlinertie.

On remarque quo Is mdthodo classique de condensat ion do Guyazi est 4quivalonte k cotte ofthod. mi on
prend pour [F] des chargoments concentrfs our certains noeuds.

Pour le calcul des mode. propros du bas du spectrre, nous avons constatit qu'on pronant des forces 8.
volume pour (p] 10 nowbro do dogrds de libortiý A conserver somble pouvoir #trr divisE par 3 par rapport
h Is method* do Guyan, cc phi~nowkne s'accefltuLnt avoc 1e raffinoiment des maillagos d#11,ments finis-

Cotte m~thode eat hien adaptdo flux problkems A plusiour. dizaino. de mililiers do dogris do libertt.
elle perrmoI de rkcup~ror pour Its probla~mos dynamiques les idfalisations du calcul statique (Is
'natriceI I) eat slams obtenue implicitemont par Is owlthode des @oux structures).

Cette mEthod. eat exclusivement lin.taire, cependant dons les problkines de non lin~arit# locale, on

pout coupler asses facilewent lea parties non lindaires par lo socond mombre (voir 1 2.52).

- emargue au~r Is reconstitution des contraintes - Mi~thode dkplacemont, mikthod. forces

tans leg mfthode. do rkduction de base, le .:slcul des contraintes Pout s'effoctuer de 2 fa~ona

On reconstitue lea contraintes I partir des dtplacemonts calculks

a - [L) X

L'opkrattur lin~aire [i.] oxprimant le calcul des contraintes h partir de In loi de comportemont
et du calcul des d~formations, A partir des dkplacoeunts X.

Pour simplilfier les calculi, on transpose dana Ia base rdduite, goit

!L'op~ra tetor R] ost tahul# avant l'intdgration pour lea contraintes que lPon veut suivre dons
It tomps,

- Mthod. forces

L&a rkduction n'ktant pas parfaite, les force. appliqueos A Ia structure r~ellement, noentratnent
pas Is relation

li'otz I'idee do calculer les contrainteg I partir do Ia di-formation rfsultant des forces appliquios,

Urn [a][,']Ft [H] [8] zi
on taboale A laevanco Ieg Con~trjgintes suivies, pour thaque couposanrte de F(L et chaque acckl~ra-

tion unitaire.

Cette deuxikmv mtrthode tot g~netrabement pr~fler~ surtout avec lea r~duictions viodales. car elle
premot une compr~hension, per le cahuilsteur traditionnel~de "l'#quilibre" et du "cherninewent do.
effortsa"

%otre opinion eat quo la ri-duction nlest (orrectv que of lea 2 m~thodes donnent sensibloment Ieg
m~sos rd'sultats, au mains pour leg efforts gfn~raux



- tlnlrattor. sans r~duction de base

L.existence, dons un modile d'6imuents finis, do modes A frdquencen trio #evievs, oblige A utiliser
une tathode d'int~gration done It temps ne pr~sentant pas de critire do stabtli~t.

Nous utilisons Ia m~ithode do Houbolt.

Done cette m~thode dintttgration pas A pas, on pose comme inconnue Is position Xt h 1'instont t.
rt on #crit 1'#quation I d'kqutlibre dynamique en calculant par extrapolation l'accidl~ration A l'inatant r.

It viont 
aX~ t [ Xt-sX~~ t * 4 Xt-...t - X - 3At]

L'tquationt 1 devient:

Doane let probleinei lintlaires, cette m,4thode eat relativement pou on~reuse car Ia matrice de rigiditk
dv namique

[Ka] [K ..2. [ei t factoris~c pr~alablement A Vnk
Iat' grat ion.

Done Is pratique, cette 'ththode n'tot applicable que loraque is mat rice de rigiditk dynamique facto-
ri letent en otinoire centrale ;cc qul nous limite i queiques millier de degriss de libertf.

!.a mithode nt pr~sente pas de crit~res de stahillrF les modes Cklev~s par rapport I At sont
Ateor t i par tv calcul.

5- Prohlkme non lin~aire

Done les. probli-aws de choc, les effete non linkaireasaont rarenent n4gligeatbae., car its apparasi-
sent done presquc tout lea proceisus d'aboorption d'knergie, au point que clcst g~n~ralement plutbt le
dona ine linksire qui eit nt~gligeable

[.a pliiart des types de non lin~aritk peUvent Itre reprtfient~s

, diangene-nt de g~oe~ri- Irfv-grand dip Iacemen t
tr~avail des pr.~contraintes

-plascite

- viscosite d'amortisseur
-atc.,l.~rst ion de Coriolis

i l -lntý.vrat ion di recte

L.a mtPthodv simple d'intl-gration directe eat toujours tht-oriquement praticable en lin.~arisant
au voisinage de thaque pas din!,traiion.

Qua nd 1le% non- 1i nýa r t i , ne s ont pas pr ýpond.r ant c; , on p u t r e je ter dan s I es seconds membres
les ci fets non Iine-Mnres, done les autres. cas on eit amenil A ('Lbhorer et factoriser I& matrice de
riwidirt dvnamique A chaque pas

Dons l's 2 cas. Ia m~thode perd sa vertu qi eat je ne pas avoir de critL~re de stabilitE.

'le n'ps. pratliahle que pour les problZ-mc A I petit noebre de degrl-s do libertt- ou dane i@3
probtl-m.ns mono-dirmensionnels (dans cc cas les matrices cKI (' M) sont tridiagonales) voir
4 3-22

2 ')2 - Intilration direcl..' avec-confinement dci non lin('arit~is dans une sous-structure

btans Ia plupart de'i problem.'s de choc. Is zone non lin(-airc eat au voisinage du point d'im-
pact done Is structure~ou done des amortiaseurs

I.'fqu1iibre de Is partit. lint'aire s'#crit par Is sm~thod. de Houbolt

RL + 2~ Xt - F + F ML -L- ][5)' 1.. 4 ~~ L -Z At X t 3aL]
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Le ter. Ur rp1sn. atioa dos parties non lintaires sur Is partie liadaire, all*
-a' on Vintral qu'un petit no.1w. do c~ompantes non nul. qu'on rassauble dens un vocteur j

X~solution doel pour FML =I

Lee degrke do libert# no" lintalres do 14 frontiare X ML slicrivent en fonetion desU

par m [d .

Cette uatrice tst appulte : totrice de rigidit# dynamique des parties lindaires condenste
Isl frontikre do@ parties linfaires.

L'Equilibre dynamilque des parties non linfsires 0au volsinage du pas t~ -AU 616crit,

[kd ']] Xa I
comrenant des termes do pricontraintes at d'inertie.

[kd NQ itant Is mitrice de "rigiditt dynamique" tangente des parties non lindaires.

L'algorithwe d'intdgration eat r~sumf our Ie tableau 1.

Cette m~thode est tr~s dconamique car en dehars des parties non linkaires lea matrices cant
constituces it inversfes une seule fois prialabcement A 1'intdgration.

On notera que Is base des parties lindaires pout. avoir ditk rkduite par Is mwithode Ie char-
gements, il eat ividesment ndcessaire que parmi les chargevvents de r~duction figurent lea IL

011 n'est pas toujours soubaitable de linkariuer It comportement des parties non lindaires,
dons Is mesure ou 11 pout ftre prdfdrable de, rksoudre un petit systime non lindaire A cheque
pas plutbt que d'svoir un crittre de stsbilit6 (voir 1 3 31).

Tableau I

CALCUL DY)IAMIQL'E AVEC NION LINEARITES LOCALES

Partie lindaire XN ddplacesont Equations d'dquilibre
frorces- rte inae

( Ygja + [NJ lmt + [FJ

E ] utrice rectangulaire de corresponednce
degrds non linkaires --. degrdc linfaires

It

-Partie non linfaire

Tfenction (Z . 3e. :e.

Part io non lindaire d~lcan
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Init talement GUA rRfEintkgratioa

t -

s AiKd [de non inare u.n.[K.] e [Si- 4 -X-At+ X j-za

p) di.ppicipment. structures pourAL

[ ] ['.P] asu..t..(~~~L

asii [F'] [In] mtrlcr de rigidltk condens.~e rksolu par linkarisation ou exactement, X et 2
par m~thode de Houbolt

x Ixt -a e a
&us conditions littalas. X ,X

S3 - Flamb~dnmqs

C~est 004. usthode de I'anaiyse ciassfque qui est plus simple que lesa mthodes prfctdentes
poor IV fiambaze, rile comporte cependant beaucoup r'hypothkbsea restrictives.

2 531 - Statiqut.

Suit une structure soumise h un chargement restant propartionnel A lui-m~me I Fo
on peut poser quand 0

k = [I] ( G]] x
L~a matrict' ri14dit(k ge-om~trique. correspond au chanxement de direction des

tensions intrrnes, eile est foncti on de Fa.

- Ixeripie pour Line harre de rigiditC- ES/L -*

rigidlit,ý vwýtvitrique perpendiculaire

- ~seion R91.

(Pit appellit ciarget critiquv la vaicur die qui rend Indktormln(.e 'e-quat ion 1.

Lritintiv *.st don( Is pius faibi.' valeur propre do systitvw

[X] X +* [G] X .

Qo'Ln caA pai ~ r Is ml-thode de L-ant 7.5- Er~vari

:., I i hr,- avan t charge trizique se rcaicuie vlassiquemrint dans !a base des vecteurs
propr*.-- [B] ,JuSv 5'.t ý m I

Ip.~.tr~ I -,'v C-crit

iorný- djgnt let Fe h' - [L] [K] [an] [\s']
d'ouj ZftL - ), .21

aver.x [a] X~ "I * X*
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n i

L'#quation t *'dcrit on dYnaMique*

[K. ~ + ]X[n] x. rt

On almplifie cotte 6quatioo avot lea 3 hypothbses suivantiss

- - ~ Fe effort extdriour proportiemnel I liii -ume.

- ce oorcessdinowrsot d X" soot aflilgoables done l'effet lindaire (lee ddplacesionts
do "opeso"sndusecond ordre par rapport aux "diveraoments latfrauz", et it n'y a
pas do groame masset concentr&o dont lee forces d'inertie no blient pas comprises done V (t0).

- lee contraintes provoquios par lea forces d'inertie (auppoodes en flexion) no provoqueac pas
do rigidlit gdoaftrique.

L'6quation I pout alors 9sicrire

'LF@ as No

Syateme qul rdduit, donne en statique done Is base des formes do flambage

La matrice [Mn] ne~st en g~ndral pas diagonals.

L'#quation 4 (type Mathieu-H4ill) pout Otre Intigrde classiquement (an diagonalisant
arbitrairement [in] CupsAps(npoftn ufi u

eat diagonale). + It 1\9p. npoitn u atqo 1'
Cott* m~thod. eat cartainement moina ondreuse quo toa mthode d'int~gration direct*

male aee hypothkaes d'emplol rendent son application tr"e spdcifique I certain. probilmes do
coquo avec matfriaux fragile. at petitea d~formations.

3 -APPLICATION4 A QUELQUES PlOBLDES PARTICLILIERS

3.1 - Probl~ms du choc sur un bILndalLe avoc amortiesiur

Coat un probllme quo noue aomm. an train do traitor actuellement pour It cao d'&cletement du

rdacteur arritre du FALCON' 50.

Pour Eviter un eadomagement de. parties sensible. do
loemponnage. on a envi "S4 Ilimplantation do bouclier do protec-
tion solon 1s Principo de Is figure ci-coatre.

La bouclier eat chargE d'arreter ou do d&wier I* projectile,
il tot mont# sur une, plaque do aid d'aboillo faisant office
d'amortiesour.

Loe premiere calcu'. sent faits clasaiquomsat on no tenant
pa. courts do 1. smapleaso dui cot# 8000m.

owesaffDana 1o cas of I* projectileoeat arrftdF par Ie bouclier,
-. - par I* th~ortms do la quantitd do mouvemant, an treuvo on calcu-

lant l'moergie cimdtique dui beadlier *t du projoctile aprh to
choc

W beadlier W pr~ojct. 14 REtoect
- projectile (- -7projet + "q bewair)

quo.s #gale I l*&mergie abooreblo par I@ oid d'aheillo on Ecrassomnt.

W boadier Hofluteur Nida a q critique sida a S Nida
*projectile

La recoure eum mfthei.. d'416omto finis dynammiques oct ameseaire pear sawoir eommant adqmlli-
brent lee forces appliquloas par to mid d'abeille A Ia structure.



N4ous somes en train de taster lutilteation de ]a m"thode d'intlgration directe du 1 2.4
avec couplage non lin.~aire de Pamsortiostur.

L~e modk~le de rigidit.' non lin~alre pour Its barres Wdalisent le- nid d'abeille en compression
est It suivant

Infoncgmwnt

3.2 - Effet de souffle

Ce probletne nous a i~t pose- dans 2 cas de nature-s trt~s dist irt. t~s

3 21 - Effet de souffle sur_un aNylon

1'ns i~lude classiiqu, rapide, re-stumsWe aur Iv- tableau 2. permet de degager rapidement. lea
ordres de grandeur.

Oýn modt-lise lea surfaces portantes pour des systi-mes A I degrt' de Iibertq6 (miode tondamental
de 1tlcxion)

11 vi.-nt !a relatiorn

Prvesscn, -:afl,-v ýýqtivali-nte 2x itf x f x I

t - frýýqience propi.. fondattentale
1 imtpijlsion surfacique

'eti.- i~np.,lsion. soit se talcult- par 3.-s mk.hodes de sphicre dt choc. soii ..st obtenur pasr

Tableau 2

-2o vg d'explosif 11 z = 0 kt-,

d n aur Ioi o3l di e 5qstImn pat d - W I0 -0 0.

es plsins d IndistncesP, sropotionn.*qivl.s3I pisne eIaqatt
I1 Chaxpr extrtme
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Pour aller au-d*IA do coo ordres do grandeur, nous .iantons une ftude basis our one
reduction par base do chargement (1 2.3).

Corn chargements de r~duction soot do 2 matures

- chargoma-nts ii. prossion,
- chargemoent dlivertic correspondant A des chomps d'accdidration par zoo..

3.22 - Onde de prossion tr~s br~ve our dos co aoscylindro coniue

Coon 6tudes soot classiquos saur certalnes ogives ; llos so caractirlsont par It fait quo
Is durke de Is prossion envissgko cot ettefent plus petite quo It temps do parcours do l'onde do
compression done l'Opaisstur do Is coque, et que cette derntirt. est composke de plusieurs couch*&
de nottriauz difftrents at anisotropes.

Deus: types de problkmos de choc sont posts, qol difft-rent par l'6chelle des temps

-transmission et riflexion Vondo de choc: dans 1'6paisseur de Is coque.
-rkponse gkn~rale on flexion de Penseubte do Is coque.

Noos avons traitk It premier probtlme par Is mtthod. de Houbolt syoc on schdms d'4l6ments
finis monodimensionnel. qui a l'avantago de conduire h des matrices tridisgonales, donc un coOt de
calcul. extrimement foible m.ýmo on introduisant une plasticit46 et one viscositi non lindaire.

Noos prksentons our In planche I quelques rlsultats do cette Etude.

Le problkmo de r~ponse on flexion a #tkt trait4 en ILndaire par one mdthodo tr~s voisino our
schimas ddldmoents finis axisysitrique.

Pour Io comportement to flambosent, nous avons envisagi d'utiliser Is mithodo du flambemont
dynamique do 4 2.53.

3.3 -ProblLmoe d'atterrissage. de catapoltaxe et do roulement

Ce, soot Ios problbems o~i notro expkrience est Is plus grande et oO nos udihodes do calcul ont 6t#
bien rtcoupdes par l'expiriencte.

3.31 - Attcrrissagedur_

Ldtodot quo nous prdsontons a 6t6 offectute pour It Marcure.

Las caracttristique do probli~fo oat do pr~menter dos zones A trks forte non linkaritk (pneu-
mat iqoc et smorti~ssor, sonnotte. do train) mais sur on tr~bs foible nombre de degrks on Ilibrti.

Nous avons utillia In mdthode d'Lntdgration directo de Houbolt sur on mod~le d'avion sim-
pIifi6 I S0O d~egris do Iibertd (voir alancho 2).

Los trains ont 4te coupl~s en tenant compte des non linttarlt~s giomdttriques dues I In rota-
tion do Is sonnotte, do Ia else en rotation des routs. do l'aplatissement des pneumatiques, et des
viscositds non lintaires dos aoortiassurs.

Tous corn effets non lintaires ont Litt linkarlsks au voisinago do chaque pas d'int&gration
scion Is mdthodo do 4 2,52, A1l'exception des tomses do lacinage ot de frottement sec des asortis-
scors qui n'ont pas iti lindarisks

On a 1Etf conduit apris one sous structuration sur 2 niveaux, I rksoudro A chaque pas un
systkfe non linfaire do type. r u

signe do it f rottoment - C. oiamin as ~t a

avec U 
L

UtT AL T - at-a2
I 1 i amobre damortissours

onai enfoocosont do it~ae smortisseur 11 linstant T.

Ce systckmo dont Its inconnuos soot nomre d'amortissouruest rksolu exactement par relaxatimi.

Noume pr~sentono our lea planchos 3 h 6 quelques-uns des rdsultats do cotto ftude compar~s
A des r~sultats d'essals on vol.

On rouarquera quo nous avems tenu comte do Is souptesse do plancher ot des passagers dont
J'influtnco n'est pas nigligeable.
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CHOC SUR LIS CJOJQ PL.

Proplagailm do r'sade de pression a tracers Iepaissaw
Riparrilkio ds chmtraimat & diffirents justaht

TmI T.2

COMM2IT[ MEgTAL CIHDSTE METAL.

MERCURE P

IEIELISITIDI POUR ATTERRISSAGE DYIAUIQUE

1DEPLISRTION MERCURE POUR RTTERRI55RGE SOUPLE
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~'~ 4COMPARAISON ml CAI.CUL AUX ESSAIS it' VOL 46PL 3
Atterrimsage ENFMICOEMET AMOISSUU

mom

0 0.1 0.2 0,3 07 o.S 0.6T

*baS m4449I. COMPARAISCH DU CALCUL AUX ESSAIS DUi VOL 46 PL 4
Atterri~sage
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Nous pensons qu'uno riduction par base do chargement #talt aussi judiciaous., qua P'inti-

gration directe sur ce problibme, nous fly lavofic pas utillisfe car l'avion ni#taft pas complitement
idkaLisk au moment do cett. itude

Une r~duction modal* assayie prhalablomemtt donnait des rhaultata tric mauyais.

3 32 - Catagultag.. : r:oulament plate i rrih~uii~re

tious &von* utilist un modkl. tr~s analogue pour Is almulatfum du catapultage ;s'ajoute aux
non lintariths du probilem prhckdeit. Is simulation de Is catapultsetc de son flingue, ainsi quo
celle du Hold back et de as rupture, voir planche 7.

Nous proposons d'Itudier de fajon analogue le roulemont des ovlons our piste irrtgulikre.
La modkle peut ftre linkarisk A l'exception du Iaminage et du frottement des amortisacurs ;en
rhduisant par base de. chargemont , le. calcul par int#Kration direct. dolt ftre alars d'un coat
extrimement foible

-PROBLEMC DE TENWE RESIDUELLE

On pout artifictellement lee dl-omposer e~n 2 families.

4A1 - Calcul "fall safe"

C'est le. calcul de Ia redistribution des contraintes aprla Is destruction d'un Eltment structural.

Dane le domain. .ýIsstiq~uv ce type de calcul ne pose qu'un problwem d'organimat ion et de. prim de.
calcul. nou, r,4duisons au mleux ces prim de calcul en utilisant une shthode de sous structuration
".gigogne" (sous structure de. mous structure) rt du calcul de. In matrice de. flexibitittE cur Ia frontii~re
de. Ia zone modifld'e selon le. principe sulvant. I'lquilibre de Ia partie modhiffe si#crit

+ K X F.V -F, . F,

Ko -matrice de rigiditl- de Ia structure
Init iale condenshe au niveau de Ia
frontitbre avec Is partie modifife
elie eat obtenue par inversion deI T _ _Is matrice de flexibllit6 issue de

Ko chargement unitaire cur lea points
KI de. Is fronti~r..

K2

ICI Matrice de rigiditt. initiale de Is partie modifiode condensec I Ia frontlt~re.

I(, Matrice de. rlgiditk de Ia modification.

Fo, F1 , FZ second membre rdduit correspondent.

Par ce processus de calcul de Ia modification risulte uniquement de chargement supplkmentaire sur
1ý- modile Initial et du maniement de matrices relativement petites.

On tie fournit, en donnie suppi~mentaire, quo Is moddlilsation de Is modification.

Lea rksuitats de cec calcule sont gdn~ralement analystis 'classiquement". pour d~terminer si In
rupture vs me propager.

Dans les cam ot) cette analyse n'est pas simple, on dhdult de ccc calculg leg charges pour un ecssi
partiel..

4.2 - Propagation do d~chirure

Nous avona envisagk une approche du mime type que cell. utillshe en fatigue avec le coefficient
concentration de contrainte.

Le coefficient

w . nergie Interne

a . longueur do dtlchirure

e 6 paissetir

X d4j!aceucnt discrhtist en EF

A ma!ri(. de. rliidit-4
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co et considkik conow acarct~rtalique do Is propagcation do, as d~chirure or poriet Is courarasiun avok:

kitim i#prouyrtte simple di. stew uat4~rtau.

'Cort tht~urir. ssgez birzi oirt~ n tatiguit oi isI contrainte *at en ~IAnkral parpor~diculaire uns

lt~vres doIs dla .chiruri., deaiandi. encore Ir Ptce da~veloppkw e ci tayie par P~expl&rarieii, pour de~s charges
queclonqurs. te.I que Pon prut Iro trolvet aki hord des dt'hirurvs d'impatt

Fri out re. rile prut necessuitr dig cliula non linkairi.o (cam da. prrssloit IflternO

CO%(O L UFI (IN

Noun. avons pri~sentie .ne suftvý de. ms.thodes di, talcut qur noun avous utilisk pour Ia plupart. notre

sent liewnt est qu'cen dehors di's probl'ic'm.- avet atmortissrurs, PlIk's ne pertmett.'nt pas unet cont'Jance dans le.

CRICUl qc~t pourratt dispenser d'efftc.urr des romats

L~a raisonr est qu'aic voistrnagt de la rupcccrs. 1I tiergi.. ebt slsorbe'r par les ml-~canlsvies ii'. plus

COWpI.'Xr (PjiiSt1Lit.- ci..ailiemint ju arrachs'wient de. rive'ts. etc...) don? Is ri'prl'sentation exacte cs?

trv timple.xe .'t soui'cnt wl Lonnue phv4 iquemerit

11 taut rvmarq.~er que danaas I" as diftichles (choc d'oxseaux, or de projectiles Bur structure
coura.te', cin caI..ul. n'on ,culeitwent peut apportrr une, aide I 1'inttrrprt~tat ion. wais peruiet de' veerifier lea
c,,niditionbc a,,x l:rmfv,'i d.'s *pro..cvvtten d'essali Pt dit r4'duiri' Ia tail!.' et le' coOt de. Cee derniers.

Noucs penaurci hi in miec.x dowin.'r Ici prolhli~tnes de choc our awiortisseur commar I' a mont rc le' protilkiue

de 1'kittrriaaagc ; ,-s*t lit-'ur.x tar !ii c-ihargcva induit,'i dacim cc' cas sont dimensionnantiýs pour les fuse-

Inges d'avion civil

MM(LI Or IAThP15S

!~~!f et ftsvis do 'sd ra petds. qq Oite~r PL 7
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COMPUTER METHOD FOR AIRCRAFT VULNERABILITY

ANALYSIS AND THE INFLUENCE OF STRUCTURAL

DAMAGE ON TOTAL VULNERABILITY

by

Dieter K a r d e I s

I NDUSTRIEA1 LAGEN-BETRIEBSGESELLSCHAFT MBH

•J1 0 t t o b r u n n , Einsteinstraase

We s t - Germany

SUMMARY

This paper presents an overview of the methodology developed
by the Industrieanlagen-Betriebsgesellschaft (IABG), Ottotrunn,
West Germany, for the analysis of aircraft vulnerability. This

methodology consists of two basic computer models, the so-
called ammrunitiun and target models. These models are sc
constru'cted that the evaluation of ammunition types such as
AP, API, {EI with both impact and proximity fuzes, and frag-
menting warheads is possible, as is a detailed vulnerability
assessment of a particular aircraft. The approach taken in this
paper is the interaction of various submodels in order to show
the different types of possible outputs. A special emphasis is
given to the influence of structural damage and aerodynamic
capabilities on total aircraft vulnerability. Some test data
and model prediction results are also graphically presented.



With regard to the objoctive of this meeting to discuss available methodology

and test results related to the assessment of in-flight damage tolerance as a

part of the structural design process,

the purpose of this briefing is to present a methodology developed by the IABG

for an overall Aircraft Vulnerability Assessment.

The analysis and evaluation of a complex process sucn as In-flight damage in-

flicted by military weapons is. in general, possible only if a sufficiertly
sophisticated abstraction of this process can be materialized in a model.

Hereby. the quality and confidence of the output data is directly dependent
upon the quality of the weapon ond target input data as well as the resources

available for experimental investigations.

Due to the design complexity of high performance aircraft and their representation
as relatively soft targets It is advisable to describe the aircraft as real and
as detailed as possible. With regard to the operational capabilities of the air-
craft, the description must be so managed, that the influence of damage to compo-
nents of the major-subsystems, the structure or the engine can be evaluated with
the desired accuracy.

The objective of the study is to establish an adequate data base for systems
analysis and operational research studies relating to

o Air Defense Weapon Systems Effectiveness

o Aircraft Vulnerability

o Military Requirements and System Specifications

o Operational Procedures and Tactics for AAA-, SAM- and Aircraft Weapon Systems.

The output of the below-mentioned submodel data analysis will be

"o the effective vulnerability analysis for a special aircraft type when
considering different ammunition and warhead configurations

"o the determination of design weakpoints

"o the criteria for use in design, development and evaluation relating to

- allocation and efficiency of armor

- change from component location

"o assessment of critical components within a failure mode and effects

analysis

"o development of kill categories for classification of the effects of

damage on the operational capabilities of the aircraft

- effect of subsystem arrangements and assembly upon A/C vulnerability.

A necessary prerequisite to assessing the effects of specified damages
involves developing classification of these damages. These classifications,
called kill or damage categories, are defined as those damages which result

in a particular class of effects on the operational capability of the aircraft.
Fr ae in thiz study a set of four categories were developed. On the basis
f ri fal,.zr'° mo'Ie and effects analysis a list of critical components was
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Some examples for these categories:

o Catastrophic aircraft loss (t a 15 sec.):
such a condition will usually arise when one or more of the

following conditions apply:

- Loss of pitch control

- Loss of control in at least two axes

- Injury of single pilot (assuming that. for a two seat version,

the navigator is not able to control the aircraft)

- Total loss of engine power

- Residual load factor less than 2 g

o Aircraft attrition (t = 5 min)

- Loss of all flight control power

- Loss of aileron and ntabilator power

- Bleed air duct rupture in close poximity to fire vulnerable

components

- Uncontrolled fuel leakage

- Uncontrolled fuel and oil fire

- Loss of minimum engine power requirement

- Flight load due to structural damage e.g. of less than 3.8 g
(depending on the flight profile)

- Evaluation of the flight qualities on the basis of MIl-F-8785
F Category 1, 2 and 3:

Cat. I - Flight capability during the entire mission phase

Cat. 2 - Flight capability remains, but higher g's on the pilot
and/or a certain decrease in the mission capability

Cat. 3 - Aircraft still controllable, but increasing high g's on the

pilot or the mission can no longer be accomplished, or both

o Mission inability

- Loss of engine power

- Degradation of aircraft control

- Performance limits

- Flight load factor for damaged structures less than the value is needed
for the mission

o Unable to land normally

- Lending gear failure

- Brake failure.

Ftg. I shows the basic model concept of the study. The overall vulnerability
model In divided into two large models, the ammunition model and the target
nmdr]. A trief description of these models is published in the AGARD ADVISORY
Pepr . 47 Volta* 3 nn Aircraft Vulnerability Analysis. The nature of the
•h-•o iy v/neratd for the womunition and target model Is so gemermlif".

% n eval'ietvon o.f varl".sz, ammlntice types xmth as &P. APT. WT1 with intact



and proximlty fuzes and fragmentating warheads is possible.

Gun MoJet Target Da'a Oank

Projectile Model Function M•iel

Owe L,,dell Structural Strengtth Mdel

fragment Lffecs Model Aerodynamic-Flithtmecl anics
%A~ell

ilast P.'ojel
;.ngine Model

Incendiar) [Efects , Model

i lionand Vulnerability

Fig. 1: The basic model concept of the study

The threat situation is defined in terms of the basic damage mechanism. Each of

the mechanisms is represented by a mathematical submodel which calculates the

damage, depending on the type of weapon and the encounter situation.

The ammunition mcdel incorporates five major submodels, namely the

- Gun Model .

- Projectile Mcdel with Fuze Model

- Fragment Effects Mcdel

- Blast Model

- Incendiary Effects Model.

While the ammunition model simulates the physical process taking place from the

moment when projectiles arrive in the target area, the target model provides infor-

mation as to the operational effects of ammunition damage on particular aircraft in

a dynamic manner.

T- this end, the target model consists of a detailed target data bank and four major

submodeŽln relating to



- Interrelation -f Aircraft System Function
- Structural Strength Determination

- Aerodynamic and Flightmechanic Estimations and

- Engine Power DetermInation.

Fig. : shows the outer surface of the aircraft, which 1s approximated by relatively

simple mathematical functions for example, ellipsoids, cones and elliptic truncated

canes.

Nearly 5000 components of the equipment systems such as the fuel system, pneu-

draulics, control, electrical, engine and also structure, are incorporated into

the mathematical descriptions of the fuselage, wings and the empennage. The shapes

of these components are idealized by geometrical bodies.

The function model represents the functional interconnection cf the aircraft's

components in order to determine the results of causalties and failures among the

elements ot a system. All systems have been analysed with respect to their functioml

process. By means of circuit algebra all the components of a system have been

connected and described in a logical circuit diagram.

Fig. 2: Geometrical description of an aircraft as used in the computer program

Fig. 3 shows for example the network of a typical hydraulic system.

The interrelation of the logical networks of all the subsystems (fuel, electrical,

control, etc.) describes the integrated functional process of the aircraft.

In case of a hit failing partscan be identified as belonging to a system or a

subsystem. The resulting information as to the state of one system may be an

initial value for the determination of the state of another one. Fig. 4 and 5

illustrate a typical model output.
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09UC OF, i. IHT ON A/C STATUS

WU=3CTS M' 1. HIT ON GlIN

STARTER '?HUT FUEL SUPPLY
PRIIk DUCT VITNOUT FUEL SUPPLY
HTIS. PUW I FAILURE AFTEr 10 N=. AT THE LATEST
HYM. PUMP 7 FAILURE AJME 10 KN=. AT TE LATEST
GEERATOR 1 FAILURE Alr 10 NI. AT THE LATWT
GUXNFAlTOR 2 FAILURE ArrER 10 NX=. AT TIE LATEST
TACN~rd TOR FA•LUDE AII. 10 WIN. AT THE LATEST
RBSTARTING IMPOSSBLE Alt 10 NM=. AT TIE LATEST

vWT OF 1. KIT ON CONTROL Sim

LEFT AILERON OIRAWLE RETARDATIOCN P0o3IDL
RIGHT AILERON OPERAlLS RETARDATION POSSIDLE
STABILATOR IS OEADL RETARDAION POSSIBLE
RUDDE WTIAULICALLY OPERAKLE FOR 2-4 TIMYS
LEFT SPOILER FAILURE
RIGHT SPOILER FAILURE
FLAPS FAILURE
LEFT AIRI•RAK FAILURE
RIGHT AIRMEA FAILURE

EFFECTS OF 1. HIT ON FUEL SSTMT

BOOSTERTAK SYSTEM FAILURE
AIWNTANK FAILURE. SZLZCTING VALVE FOR WINO TANK OPERABLE

FUEL SYSTEM FAILURE, V=GUCY LANDING IN GLIDE
TOTAL DREAJDOWN OF FUEL SYSTEM

EFFECTS Of 1. HIT ON HY-LALCS

POWERSYST. EMERGENCY SUPPLY, GEN.PUMP INDICATOR 1500 PSI
UTILITYSYST.FAILURE, LANDING GEAR BY RGENCY PUMP OPERABLE
ELEVATOR EMEGENCY OPERATING
RUDDER CAN =EOPERATED 2-4 TIMIS BY HYDRO RESERVOIR
AILERON ACTUATOR DWGD4CY OPERATING
SPOILER ACTUATOR FAILURE.

AIR WDREAS NOT OPERABLE
FLAPS NOT OPERABLE
LANDING GEAR UORGENCY OPERATING
BREAKS EMEGENCY OPERABLE
COMPRESSOR FAILURE
AZRIAL REFUELING SYSTDE NOT OPERABLE
BOOSTER RELEASE MECHANISM NOT OPERABLE
UTILITY SYSTDI PRESSURE INDICATOR FAILURE

Fig. 4: Output of the functional model

iI



HIT-CODE TR 1 ¶ 1

DISTANCES FROM AAA HX = 1405 M HY 40Vu M h7 374 h

SLANT-RANGE 1508 M

IMPACT-VELOCITY 721 N/S

IMPACT-ANGLE 37 deg.

IMF'ACT- LOCATI ON FUSELAGE
IMPACT-COORrINATES X = 640 CM Y -0 CM Z = 12 GX

SIZE OF HOLE 115 0CM

APPLICATION OF DAMAGE CRITERIA ON THE AIRPLANE AFTER THE 1.HIT

THE AIRPLANE IS NOT ABLE TO FULFILL THE JPISSION

CAUSED BY FOLLOWING EFFECTS:

BREAK DOwN OF CABIN AIRCONDITION
EQUIPMENT-COOLING LIMITED BY AIRSPEED AND DYNAMIC
PRESSURE

Within the Aircraft Vulnerability Analysis the influence of impact damage on
aircraft wing and empennage structures has been of special interest in relation
to the operational capability of the aircraft.

The methodology and applicable computerized techniques, which together can be
used to predict the reduced load carrying capa:!ity of inflight damaged structure
in relation to several types of threat and aircraft design, is discussed in detail
in Mr. J.Massmann's paper "ýItructural Analysis of Impact Damage on Wings" (Ref.4).

This paper gives a brief descr.ption of a recently-developed Structural Strength
Mýýdel and examines in greater detail the functions and characteristics of a
Damage Model. A discussion of a Shock Wave Model and how it analytically deter-
mines the dynamic response of a pressurized flat plate is also presented. Test

and Finite Element results are compared with model-predicted results in order to
determine modei credibility. The pressures resulting from the detonation of
amunition are discussed and the contributions of each of tie pressure components

to the entire response are illustrated. Some advantages of a new Fragment Model
are mentioned and the results from such a model are compared with appropriate
test data.

With regard to the necessary core storage and computer time for a special

• trt;ctural analysis of impact damage on wings,a simplification of the Structural
Model was performed.

In accordance with the experimental and model datae the wing was subdivided into
areaz of similar vulnerabilitv.On the basis of these calculations, we made the
arzumption that every point within the area has the same reduced maximum load

• •-.",r after a hit has nccurred.
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Fig. 6 shows, depending on the location of the impact and the type of high

explosive a&unition. the calculated residual load factors for a typical wing

configuration. Within the computer model these residual load factors are

stored In a special matrix for calculation of the residual strength after a hit.

Within the scope of the simulation model, the following Figures depict the

results of 71 single wing hits. For the sample calculation, the effects of a

special ammunition caliber on a two spar cantilever wing of the RF-84 have
been investigated.

N

! KR

I \

""- o 2"

C,.

47 ,..•' .,

I 30 \

Fix. 6: The calculated residual load factors for a typical wing type



Fig.7 gives,for example,a survey of the hit distribution on the target. The

data analysis enables one to make precise statements about the status of the

aircraft according to the damage categories. The information on hits cauLing

attrition by system or structural failure is demonstrated by different symbols

on the Figure.

ý:' I PV W:.1 \

Fig. 7: Hit distribution on the target

Fig. 8 shows the detailed damage analysis subdivided into damage relating to

mission inability and attrition. For cach category the portion of damage is

citaloged in relation to system failure, structure failure and both system and

structure failure. The results of this calculation, the effect of ammunition at

the target, as well as the resulting consequences for the target, cannot be

transferredin general to other aircraft types.

Fig. 8: Percentage of A/C wingfailures due to equipment

and structural damage
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With the forementioned submodels, aircraft damage was analyzed only from

the vJewpoint of equipment and structure with a rough correction for the

influence of aerodynamics. With a special submodel developed by MBB in Hamburg

the analysis of stability, maneuverability and performance capability for a

damaged aircraft can be made (Ref. 5).

Fig. 9 shows the block diagram of the aerodynamic-flightmechanics model. As

input for the two main blocks, a number of input data must be specified.

C OALCU ATIONS M551131 DI"OS(AB1L---,E LOADS1111,$5 1,11N11 SY~ V

INPUT: - AEROYNAMIC S OcCHO cs
AERODYNAMIACS DAMAGEDOAIRCRAT 1 OOFDMED AIRC.
OF• OPERAT IONAI
AIRCRAFT' PAE.L PROCEDUREJ IFLIGHTCONITROL
STRUCTURE CPO)TE•IAL THEORY J STABILITY

DAMAGE IR I?.'.,AING
IDMAG£ BOUNDARY LAYER J FLYING QUALITIES

ICALCULAT'IONS FOR I
|WINGS & 'TAIL UNITI FLICHT PERFORM.

BiOUNDARY LAYF
CALCULATIONS FOR D [ISPOSABLE LOA]DS

• +" IusUAGE I
EVA.Vt.ATN OF

OioEP~M,'%ATC'j OF F0513 P[RFLFAL
D Ii VO+, , V E,,. • O Ft .C + +1 , R O ,L
D Av.fk A ~M C R A n T tO r -. F ..• : N IIO N O F

I •~SI',•[ S OF: FLIGHT
ABItLITY

Pig. 9: Block diagram of the afrodyi;ýamic-flightmechanics model

This data includes the full airframe geometry and the complete aerodynamic

characteristic of the undamaged aircraft a6. well as the range of flight conditions

of the mission, the damage geometry (position and size of damage) and type of

system damage (damage of engines, automatic control systems or actuators).

When we started the work on the aerodynamic portion of the program, there were

no methods known tu us for calculating the aerodynamic data of, for example, a

wing with a hole. However, some wind tunnel test results on additional drag of

open bomb bays and some results of wind tunnel tests on a damaged vertical tail

were available. Two ways of solving the problem were considered:

- A number of windtunnel tests involving the changing of parameters over a

wide range of wing and damage geometry

- A theoretical method to calculate influence of damage on the aerodynamics

of wing and compare the results with wind tunnel test data.

The available and successful methods for calculating the aerodynamics of undamaged

wings such as lifting line theory or lifting surface theory are unsuitable for

calculating wing damage. So only the panel method was useful for our purpose of

investigating the effects of local disturbances on the wing surface.

The panel method (a singularity method) calculates the potential flow around the

body under consideration. This means that no friction or boundary layer separation

and compressibility effects are taken into account. This must be done by special

corrections from DAS, JACOB and JUNGCLAUS in the procedure. Using the panel method,



the surface of the airframe is covered with panels, each fitted with a source-

sinkpoint and a pivot point. On wing and tail surfaces, series of horse shoe

vertices are also provided.

To save computation time the aerodynamic data for wing, fuselage and tail sur-

faces were calculated separately.

The distribution of panels was performed in the following way: Wing or horizontal

tail was covered with 140 panels (10 strips for 14 panels) and fitted with corres-

ponding horse shoe vortices. This is the minimum number to obtain accurate results

and the maximum number to obtain short computation times or low costs (see Fig.10).

Pane!ling nf vcrtircal tail surface

Panelling of wing and horizontal tail surface

Fig. 10: Panelling of wing and tail surfaces for calculations with

the aerodynamic model
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Now, how can damage or a hole in a wing be simulated?

Damage to the wing by ammunition can be of many forms and there is no chance

of realizing all these forms in the simulation. Wind tunnel test results

sfhowed that the main influence is exercised by the hole position and hole size

and that there is only a small effect of the hole form. So the parameter "hole

form" will be neglected.

To obtain a good simulation many different ways of panel distribution around

the hole were tried. But the simplest form of simulalation produced the best

results. To describe a hole by the panel method, we only have to omit the parnels

which correspond to the hole, which is assumed to be circular. Different posiitions

or areas of the real hole or damage and the substituted panel hole are corrected

by special factors. In the case of damage to the wing leading edge - and only in

that case - the pannelled airfoil must be closed in the front part by additional

panels.

Past experience has shown that correct absolute values of aerodynamic data can-

not be expected from singularity methods for damaged or for undamaged aircraft.

So a trick was used to get usable aerodynamic data for the damaged aircraft: By

the aid of the panel method we calculated the data for the undamaged aircraft as

well as for the damaged aircraft. The difference between these values - that is

the influence of the damage - is added to the known data for the undamaged aircraft

from flight or wind tunnel tests.

As well as these calculations, a series of wind tunnel tests was performed on a

oemispan-rectangular wing model with holes to check the calculation results.

Test re-ults and calculation results are compared in the diagrams 11 - 15 (the

shadowed area on the wing sketch shows the damaged area).

In the mathematical model the aerodynamic data are converted into derivatives

which are used in the flight mechanics model part. Now, with this data, the flight

characteristics will be calculated in the flight mechanics block for aircraft with

or without automatic control systems. For this purpose, methods are chosen which are

frequently used during the devel~pme-uft of an airc~raft.

For example, the dynamic longitudinal and lateral stability are determined from so

called eigenvalues, special forms of the damping and frequency of the uncontroiled

aircraft motion. This form of result is favorable for the assessment of the aircraft

since the requirements for flight characteristics (for example, in the MIL SPEC

8785 B) are represented by limitations in damping and frequency for all modes of

aircraft motion. Later in the program the ability of the aircraft to be trimmed

is checked. Rudder, elevator and aileron deflection available after trim are the

basic data for the determination of the maneuverability.

In the flight performance program block the loss of range due to additional drag

and the ability for curved flights are checked.

The results of the flight mechanic.* program blocks for the damaged aircraft in the

operation points will be compared within the program with minima and maxima of the

allowable range for these values. Most. of these requirements are taken from MIL

SPEC 8785 B, ie., the minima and maxima for stability of aircraft motion. Some

nominal values must be fed into the program by the user/operator Cfor example,
operational range and information about curved flight).
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Cp • 0 somurement damaged aircraft
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Fig. 11: Comparizon of measured and calculated chordwise pressure
distributions of damaged and undamaged rectangular wing



5-15

Cp J
0eccuresent upler wing01 urfac.c

- 1.0 -0~--4 - easureuent lvcv.r wing
Ol surfac*

theory

Demage Shape:

I throuth hole
x ehadoved are* dauneg•.0.• I __ _ __ _ _

Ft

Fid. 12: Coiparison of measure d rcalculated chordwise pressure
distribution on a damaged rectangular wing (nose damaged)
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Fig. 13: Chnange of lift coefficient due to damage on a rectangular wing
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Fig. 14: Change of lift coefficient due to damage on a rectangular wing
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Fir. 15: Change of lift coefficient due to damage on a rectangular wing
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After the assessment of the characteristics and performance, the results are

stored on computer tapes and are printed out on line printer.

The next Figure showssome results form calculations:

Fig. 16 shows the roll moment coefficient due to wing assymmetry for different

wing damageof an RF-4. The hole is, as in the following diagrams, a hole through

the entire wing (i.e., a through hole) with equal damage area on upper and lower

wing surface. (Specified hole areas are those of only one hole, for example, that

of the upper wing surface). The aircraft can, independent of attack, produce a

roll moment coefficient by aileron deflection of maximum C1 = 0,020. The roll

moment due to damage is linear and dependent on the angle of attack and, in the

landing phase, is about three times the value shown in the graph. So it is clear

that, at low speecs, a special A/C with a damage of more than 3 ft 2 in the leading

edge area of the outer wing cannot be trimmed by aileron and it will be lost.

Fig. 17 Lhows the value ,( w , 2 /n, ), a measure of dynamic longitudinal stability.

Good flyable fighter-aircraft need a d (w, 2/n., ) = 0,28 or more. At less than

A ( 0O
2/n4) = 0.16 the aircraft can no longer be flown safely. This means that

by a change of d (Wo2 /n,) = -0.12 the aircraft can become unflyable. This value

can be reached by leading edge damage (through hole) of about 5 ft 2 as shown in

the diagram.

The usage of this program is limited in certain respects. Such limitations

are caused by the mathematical methods which are used or by the scheme of the

program. It can only be used to analyze subsonic flignt (Ma = 0.9). Because of

the linearity of the panel method the aspect ratio of the wing must not be too

low (A i 1.8). The speed must be (V a 1.2 VS). The program is so formed that the

aircraft must be a monoplane (no biplane!), one horizontal tail and one vertical

fin. Wings or tail surfaces may have only one inconstancy of contour on each side

and the contour must be unchanged during one computer run. These limitations can

be removed by moderate changes in the program.

The engine model, developed by the DFVLR in Braunschweig, consists of three sub-

models which describe mathematically

- the position, shape and material of the components of the engine and its

subsystems. (Fig. 18 illustrates, for example, the geometrical description

of the compressor section)

- the capability of the engine-subsystems when components of these systems

are damaged

- the performance of the engine, when the actual gaspath-components are damaged

in order to

- determine the point of impact and the damaged components and

- to obtain on the basis of a failure mode analysis information about the

disturbed function of the

o fuel system

o lubrication system

o hydraulic system

- calculate the performance data of the undamaged and damaged engine fcr any

chosen flight altitude and Mach number and the demanded thrust.
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FIg. 16: Rollmoment due to wing asymmetry by wing damage
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Fig. 17: Change in A (wo 2 /nl) of the longitudinal short period oscillation of
the A/C due to horizontal tail surface damage

Fig. 18: Geometrical description of the compressor section



The computation of the influence of damage on the engine systems takes into

consideration the

o variable guidevan.-system dmgdgspt-oonnSfr ~.

o air inlet ramps

o compressor

o combustion chamber

o turbine

o after burner

o exhaust nozzle.

Fig. 19 gives a survey of the relationship between the different submodels for

a vulnerability assessment.

OUTPUT Al"f.U'ITION MvODEL ____________

Ir~pact, location MISSION DATA
Dam1.wl comiponenlts
Threat data Mission profit

D~~dstructure Environlment
Itcendizry data Necessary load factor

Mach number

Tl -.G A DL FLCTION MODrEL AE-RODYIJAMIK M',ODEL

lResidual to.M Failure Mode and BoudarylLayer
factor Effects Analysis Calculations for Wing,

Fuseilinage itaiyni

Fig. 19: Relationshipbetween th differen s tbodesofthstd



The output of the ammunition model provides input data for the

- structural strength

- the function and

- the aerodynamics analysis.

With regard to the computer time the analysis will be done in three steps taking

into consideration the specific damage criteria. If the conditions are satisfied,

the computer run stops automatically.

This, in general, is a brief overview of the total structure of the IABG model

which is currently operational on our CDC computer system. It can be said in

conclusion thatthis model is serving our purposes well and is providing an

accurate means of evaluating the effects of damage on the operational capability

of aircraft.
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DAMAGE TOLERANCE OF SEMIMONOCOQUE AIRCRAFT

Donald F. Haskell, Ph.D.
Mechanical Engineer
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United States of America

SUMMARY

A combination af simple theory and test has been used to investigate the damage tolerance of semi-
monocoque aircraft structure. The simple theoretical method which has been developed may be used to pre-
dict deformation, strain, and fracture of aircraft skin subjected to blast attack. Test results and
predictions of the theory compare favorably. The method is used to analytically delineate the factors
that significantly affect skin damage tolerance. For the conditions studied these factors, in decreasing
order of influence, are: standoff distance, panel width, skin thickness, aspect ratio, skin ultimate
strength, rivet %pacing, and rivet hole diameter to skin thickness ratio.

In addition, test results of two types of semimonocoque helicopter tail booms damaged by bare
explosive charges and small-caliber, high-explosive projectiles while under simulated maximum flight
load show that both skin and the skin stiffening system are important in the damage tolerance of these
structures. Damage tolerance of these structures is proportional to the section modulus of the undamaged
section and inversely proportional to the amount of skin removed from the structure by the damaging agent.
Furthermore, it is also demonstrated that large increases in damage tolerance can be achieved by increasing
longitudinal stiffness.

INTRODUCTION

The genesis of this study lies in the need for a method for determining the tolerance of aircraft
structure to the damaging effects of high explosive munitions. This ineed encompasses the requirements
thatL the method be reasonably accurate and account for all the pertirr~nt factors that influence aircraft
damage tolerance. In addition, the method should be simple in form and execution so that practical answers
can be easily obtained with minimum time and effort. These requirements represent a somewhat formidable,
task for a structural system, the aircraft, which depends in large measure for its successful operation
upon the fine details of its design.

The present study addresses the subject: damage tolerance of semimonocoque aircraft to skin loss from
blast attack. The object of the study is to develop an analytical base that can be used to delineate those
factors that affect skin blast damage, tI'ir relative influence on skin damage tolerance, and the effects
of skin damage in turn on the structural damage tolerance of the overall aircraft. Such knowledge of damage
tolerance may then he employad in the design process, both in the design of damage-tolerant aircraft as well
as in the design of antiaircraft munitions. It can also be used to assess the vulnerability of existing
or proposed aircraft as well as in the vulnerability reduction of existing aircraft.

The report describes those factors that affect the blast damage tolerance of semimonocoque aircraft
skin, discusses the relative sensitivity of skin blast damage tolerance to these factors, an:ý relates these
factors to the overall blast damage tolerance of helicopter tall booms and aircraft structure in general.
The method that was developed and employed to analyze aircraft skin panels for blast damage and delineate
the role of the various factors that influence skin blast damage tolerance is described and comparison
between predictions of the method and skin panel blast test results is discussed. In addition, the test
results of two ty~pes of helicopter tai:. booms damaged while under simulated flight load by bare explosive
and/or small caliber, high-explosive projectile fire are discussed in terms of the tolerance of these
structures to the incurred damage.

SKIN DAMAGE THEORY AND TEST

A combination of simple theory and test is used to investigate and evaluate the terminal effects of
high-explosive antiaircraft munitions fuzed to detonate inside helicopter tail booms and aircraft fuselage
structure. The analytical formulation treats the structure between frames as panels supported by frames
and longerons. To account for inherent variations in fuze delay and projectile aimpoint, the model is
capable of treating detonation at any point within the structure. The damage caused by detonation at such
a spatially variable point is treated by an assumed first mode deformation pattern. The blast-deformation
damage process is characterized by the law of conservation of energy and tail boom/aircraft fuselage
fracture criterion. Enrepssions for the work done on the structure by the blast and structure strain
energy are derived. The work done on the panel by the blast is found by considering the energy fluence
of the blast wave incident upon the panel. Because of the gross deformation incurred by blast, the panel
is assumed to behave as a rigid-linear strain hardening material. This allows the strain energy to be
reduced to a simnle expression which, when combined with the energy from the blast in the conservation
of energy relation, yields explicit equations for deform-ation, strain, and stress. This inplane stress
is combined with the average transverse shear stress at tht panel edge to obtain the principal stress.
Fracture is characterized by the maximum normal stress criterion. In this manner, all the pertinent
material, geometrical, and explosive factors that characterize skin fracture from blast are accounted for.

The law of conse!rvation of energy states that the work E done hy the external forces in altering the
configuration of the natural (or unstrained) state to the state at time t is equal to the sum of the
kinetic energy K and the strain energy 11. The strain energy U may he conceived as the energy stored in



the body when it is brought from the configuration of the natural state to thr state at the time t. This
law may be expressed by the equation

E - K + U. (1)

The body system here is taken as an individual skin panel in the aircraft. The functions E, K. and U
are defined as follows:

E =-f [uX + vV + w-Z] dA (2)

K l m (v 2 - v. 2
) (3)

2 f I

U = Jv dV (4)

where u,v,w - panel displacement in the short panel dimension direction, long panel dimension
direction, and transverse directions, respectively;

,Y.Z -= external stresses in the u, v, and w directions, respectively;

A = surface area of the body over which the external forces are applied;

m = mass of the body;

Vf.vi = final and initial velocities of the body;

U = strain energy volume density;

U - strain energy; and

V = volume of the body.

The time interval over which this relation is applied is from an instant immediately preceding
arrival of the blast wsve to the time when the panel has come to rest. Since the initial and final
relative velocities of the panel are zero, K = 0 whereby the conservation of energy law reduces to

E - U. (5)

For convenience it is assumed that 0 = Y - 0. Further, if the external work is measured in terms
of blast energy fluence, or rate of energy flow through a surface of unit area EF, external work on the
panel may be expressed as

E -ff E, dA (6)

where the integration is taken over the panel surface and energy fluence is defined as

at

ZF pudt, (7)

where EF = blast energy fluence,

p = incident overpressure,

u = particle velocity, and

t - time from occurrence of the peak overpressure.

The typical blast wave pressure-time history may be expressed by the empirical equation

t

at (I _1- 3 Ae (8)

where P = peak overpressure,

e = base of the natural system of logarithms, and

At = time duration of the positive overpressure phase.
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Substitution of the pressure-time relation, Eq. (8), into the energy fluence definition, Eq. (7), and
subsequent integration over the time duration of the overpressure At results in the relation

E . 0.1137 PuAt. (9)F

Values of P, u, and At for a given explosive charge weight and standoff distance to the structure for
SO/50 Pentolite may be obtained from Reference 1. Performing the integration of EF given by Eq. (9)
over the surface of a rectangular panel as indicated by Eq. (6) yields the following expression for the
work done by the blast wave on the panel if it is assumed that the loading is uniform over the panel
surface.

E = 0.1137 Puatab, (10)

where a is the short edge and b is the long edge of the panel. The term in the conservation of energy
statement that remains to be evaluated is the panel strain energy U.

To develop an expression for the panel strain energy, the skin may be treated as a uniformly
loaded, thin rectangular plate that undergoes large transverse deflection of the form

W = C 8 cos -cos!• + .2 cos b cos - .6 cos 2 -c ' (11)

where C is deformation amplitude. This deformation pattern corresponds to a rectangular plate with
combined simply supported and clamped edges. The plate is assumed to deform in this manner with in-
creasing amplitude until the principal stress becomes equal to the ultimate tensile strength of the
material. At this point the plate is assumed to fracture, or tear.

A general expression for the strain energy of deformation of a flat plate U is

i. U .ff afioxex * yey +ayyexy) dx dy dy, (12)

where a a ,a are the normal and shear stresses in the x and y plane of the plate and e ,e ,e are thex' y y " xy xy
strains in the plane of the plate with dx dy dz an incremental volume in the plate. Since the blast
attack produces gross deformation throughout the plate and the material is assumed to be rigid-linear
strain hardening, the stress components are

a F +E e
x y px

a = F *EeY Y v I,

a = S +Ge
xy y p xy

where Fy = tensile yield strength.

Sy - shear yield strength.

E p,Gp - normal and shear moduli in the plastic region, respectively,

and the strain energy equation, Eq. (12), becomes

=11.1 (Fyex + Fyey +Syexy) dx dy dz. (14)

Expressions for the strains accompanying finite deformations are

1 (2)\ 2 a2w
•x - a - 3

ey 2z - (IS)

e aw aw .2z 2w
xy hx o y txa y

where z is the distance from the midsurface of the plate.
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Substitution of the deflected shape and its derivatives into Eqs. (15), substitution of the resul-
tant expressions into the strain energy, Eq. (14), and subsequent integration yields the following
expression for membrane (Ur) and bending (Uh) strain energies, with the plastic moduli taken to be zero

for simplicity:

U . 5.1888 Fh(M y ( 0 C-(16)

U-3.9669 Fyh2(.

in which S. has been taken equal to F y/1,r h is the skin thickness, and 8 b/a = aspect ratio. Now, by

equating the sum of these strain energies to the external work expression. Eq. (10). and solving for
deformation amplitude, we have

C = - .7645 h + .5845 h2 - .08765 Puatab ] (17)
Fv(' + 1/6)

The highest inplane strain occurs at the midpoint of the long panel edge (i.e., length a) and is given by

S a2 (.02C
2 

- .6hC). (18)

With the strain known, the inplane stresses can be obtained from the stress-strain relation, Eq. (13).

The transverse shear stress is obtained by considering the average normally reflected pressure from
the hlast vave that acts on the skin panel. For the form of the wave given by Eq. (8), the average
norm:,lly reflected pressure is equal to 0.2073 Pn where P is the neak normally reflected pressure.

nn
As before, the blast wave is assumed to be uniform over the panel, so the transverse load becomes
0.2073 Pi at. The net cross sectional area of the skin along the rivet line is equal to

2h(a * b)(l- kh/D) where k is the rivet hole diameter to skin thickness ratio and O is the center-to-
center spacing of the rivets. Therefore the transverse shear stress at the edge of the skin pane!, given
by the transverse load divided by the net cross sectional area of the skin at its edges, becomes

0.1037 P nab
h(a + b)(l - kh/D) (19)

With both the inplane normal stress and transverse shear stress known, the principal stress, o.,
may be obtained and compared to the ultimate tensile strength of the skin, F which is used here
to characterize fracture. So, when the ratio of ultimate strength to princiPli stress defined here as
the safety factor,

SF = F , (20)a,

becomes equal to or less than one, the skin is assumed to fail.

Equations 17 through 20 are used here to demonstrate the effects of the various independent parameters
on safety factor. Thi information generated by use of these relations is listed in Table I and is shown
in Figures I through 7. Since the safety factor indicates the level of maximum stress in the skin and
is also a measure of structural integrity, it represents structural tolerance to damage. Consequently,
it is selected here as one of the indicators of damage tolerance.

A total of 25 bart explosive charge test firings were performed against individual panels of two
different types of helicopter tail booms to substantiate the theory just presented. These tests comprised
two different skin sheet materials, one a magnesium alloy and the other an aluminum alloy. The panels
tested varied in width from 3.5 inches (8.89 cm) to 6.6 inches (16.764 cm), in length from 13 inches
(33.02 cm) to 21 inches (53.34 cm), and in thickness from 0.021 inch (0.5334 mm) to 0.040 inch (1.016 mm).
Aspect ratio varied over the range from 2.9 to 5.3. The explosive used in the tests was bare, spherical
50/SO Pentolite. Charge size ranged from 0.00375 pound (1.7 grams) to 0.0703 pound (31.9 grams).
Standoff distance measured along the normal to the panel skin from the midpoint of the panel to the
center of the explosive charge ranged from 4 inches (10.16 cm) to 15 inches (38.1 cm). This combination
of charge sizes and standoff distances used in the tests provided a range in peak incident overpressure,
time duration, and particle velocity from 39.2 psi (0.27 MPa) to 792 psi (5.46 MPa), 28 to 259 micro-
seconds, and 14,685 inches/second (373 meters/second) to 85,085 inches/second (2,161 meters/second),
respectively. These ranges mean that peak incident overpressure, time duration, and particle velocity
were varied in the tests by a factor of 20, 9 and 6, respectively.

In theie tests strain gage measurements were made at the midpoint of the panels and at the midpoint
of the long edges. Unfortunately, some of the desired data was lost because of technical difficulties
of one kind or another. For example, in some cases leads were broken during test; in others, gages
partially or totally debonded. However, nineteen successful panel midpoint strain records were obtained



along with twelve successful records at the long edge midpoint location. Correlation between predicted
strains and these test results was found to be favorable. The theoretical strain predictions and test
results compared within an average error of 6 percent at the panel midpoint and within an average error
of Il percent at the midpoint of the long edge. Correlation between the fracture predictions and test
results was also found to be favorable. According to the theory, three skin panels were predicted to
fracture. These three did fracture along iti0 two additional panels. The maximum deviation between
the predicted and test safety factor was 13 percent for those two panels that were not predicted to fail
but did.

TAIL BIYN DANlAGE TOLFIAINCE TESTS

Two different types of semimonocoque helicopter tail booms were tested. Both were roughly the same
size. One, labeled type A for the purposes of this report, consisted of eight bais along its length plus
its empennage. This tail boom was essentially an all-aluminum alloy boom. The other tail boom, labeled
type B, consisted of ten bays plus empennage, with an aluminum alloy stiffening system. Its top and
bottom skins were of aluminum alloy with a napnesium alloy for its side skins.

For some of the tests these tail booms were modified with additional longerons and stringers to
determine their influence on damage tolerance. These longerons and stringers were obtained from other,
untested type B tail booms. Identical longerons and stringers were used in the modifications of both
tail boom types. One type A tail boom was modified. Two longerons and two stringers were added to the
predominately tension side of the boom. Two of the type B tail booms were modified. In this case two
longerons and two stringers each were added to both sides of the type B tail booms. In all, a total of
seven booms were tested: three unmodified and one modified type A booms, and one unmodified and two
modified type B booms. (See Table II.)

In order to test these tail booms.while loaded, they were bolted at their manufacturing joint to a
rigid fixture and deadweight-loaded at their elevator and tail rotor attachment points. The boom axis
in this arrangement was hori:ontal. In all tests but one, the tail booms were loaded to simulate their
maximum flight load conditions. These conditions were different for the two types of tail booms. In
one test the tvpe B tail boom was loaded to only 61 percent of its maximum flight load.

Two types of damaging agents were employed, a 1.03195-pound (18-gram) bare spherical 50/50 Pentolite
explosive charge and a small-caliber, high-explosive projectile. The hare charges were statically deto-
nated at various standoff distances from the helicopter structure to achieve the desired levels of
damage. These charges were all detonated within the tail boom interior at points located midway between
adjacent frames of the bays tested. The projectile was fired so as to strike the boom normal to its
longitudinal axis at the longitudinal midpoint of the selected target hay. The striking speeds were
approximately equal to 60, 67, and 100 percent of the projectile mu::le velocity. All projectiles
detonated within the interior of the tail booms. The aimnoints were varied from test to test.

Mleasurements of overall tail boom deflection and skin loss uere made. Two surveyor's transits
located roughly along the tail boom longitudinal axis and about .10 feet (12.2 meters) behind the tail
boom were used to measure deflection at the tail end of the booms. Tbee measurements were made both
after the load was applied to the boom and then after the boom was damaged hy the explosive or projectile.
In this manner, the increase in deflection caused by the damage was obtained. Cross skin loss was also
measured. Included in this measurement was the total area of the skin that was blown away or otherwise
removed from the structure by the damaging agent. The area removed bv fragments that perforated the

P. skin was not included in the skin loss measurements.

The test results are given in Table I1. In this table the test number, modification (yes or no),
applied load, bays damaged, skin loss to total skin affected ratio, and scaled deflection increment are
listed. The test number indicates the type of boon (A or B), the number of the boom tested (given by
the first digit after the letters A or B), and the number of the test performed on the boom. For
exa:aple, A1-2 refers to type A tail boom, the number I tail boom, and the second test firirg into boom
number Al. A total of five test firings were performed on boom number Al. Four of these were in bay 4-5
(tests Al-I through Al-4), and one test firing was made in bay 7-8 (test AM-5). Bare explosive charges
were used in these tests. The high-explosive projectile was used as the damaging agent in all the other
tests listed in Table It. In this table the applied load is listed as maximum flight load for all the
tests except test Bl. The applied load employed in test RI was 63 percent of the maximum flight load.
The ext'nt of skin damage to the structures is listed in Table IT as the ratio of skin that was lost
because of the damaging agent to the total skin area in all bays affected by the damaging agent. Damage
to the skin in terms of skin actually removed from the structure generally occurred over more than the
target bay. The two adjacent bays generally suffered some skin loss as well as the target hay.
Consequently, the total skin area affected was either the skin area in one, two, or three hays, depending
upon whether skin loss was confined to only one bay or extended to a second or third bay, respectively.

The measures of damage tolerance used in these tests are: (1) whether the tail boom failed or
sustained the applied load under fire, and (2) scaled deflection increment. Scaled deflection increment
is defined here as the ratio of deflection caused by the incurred damage to the overall length of the tail
"boom. As described previously, this additional deflection is obtained by measuring the deflection after a
test and subtracting from it the deflection of the tail boom under the applied load measured before the firing
test. Scaled deflection increment is proportional to the maximum strain in the structure and as such is
considered in this study a good measure of damage tolerance. The lower the scaled deflection incre-
ment for a given amount of skin loss, the higher is the damage tolerance of the structure.

The data listed in Table I1 is discussed in the next section. The deflection data for the type A
tall booms is shown in Figures B and 9.
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In this discussion, damage tolerance Is characterized either by safety factor or by scaled deflec-

tion incremernt. Safety factor is employed in the discussion concerning skin panel damage. Scaled

deflection increment is used to gauge the tolerance of the complete helicopter or aircraft fuselage to

structural damage.

Skin Damage Tolerance

Of the seven indeendent variables studied in the skin panel analysis, as they increase in value,

four serve to increase damage tolerance and three tend to decrease it. As to be expected and as shown

by Figuire 1, safety factor increases with standoff distance from the explosive detonation point.
Stai.Jofr is varied here over the range from 2 inches (0.0508 m) to 40 inches (1.016 m). This corre-
spondi :o a range in scaled distance in charge radii from 4 to 81.1. Over this range the safety
factor increases from 0.2 to 7.2, a 36-fold increase. The figure also shows that, for the conditions
studied, the skin will fracture if the explosive detonation point is within 9 inches (0.2286 m) of
the skin. Blast damage tolerance of skin then can be increased by keeping structure as far away as
possible from possible points of detonation. This, of course, suggests that structures should be as
large as possihie to maximize blast damage tolerance.

Figure 2 shows the effect of panel width on safety factor. The panel area is kept constant at
180 square inches (0.116 m2 ) as the panel width is varied from about * inches (0.0508 m) to 14 inches
(0.3556 m). Over this range the aspect ratio varies from 45 to a little over one. As shown, safety
factor, or blast damage toler.ince, decreases as panel width increases. Blast damage tolerance is
highest for lone. narrow skin ,'anels and least for square ones. Figure 2 demonstrates the trend of
safety factor with variation in panel width and aspect ratio for a ccnstant area panel. However,
for the particular conditions studied it also shows that the skin is only expected to he blast
tolerant in widths less than 4 inches (0.1016 m), or with an aspect ratio greater than 11.25. Such a
situation is generally not practical nor feasible in aircraft or helicopter fuselage construction.
Aspect ratios typically range from one to around six or so. Therefore, some other combination of the

independent variables would have to be found to provide damage tolerance. In any case, the curve
of Figure 2 serves to illustrate the role of panel width and aspect ratio in blast damage tolerance:
blast damage tolerance increases with an increase in aspect ratio, or a decrease in panel width, if
panel area remain,; constant.

As to be expected, Figure 3 shows safety factor to increase with skin thiceness. It also shows

that the rate of this increase declines with thickness increase. Ar. increase in thickness from 0.02 inch

(0.508 rim) to U.0.1 inch (1.016 mm) yields about a 58 percent increase in safety factor, where,, a change

in thickness from 0.01 inch (1.016 mm) to 0.08 inch (2.032 rum) yields only a 38 percent safet: factor
increase. These large increases in damage tolerance -ertainly show that skin thickness is a st;nificant
factor in damage tolerance. However, it should be noted that even though damage tolerance can he
increased by increasing skin thickness, a region of diminishing returns is reached where the benefit to
be gained diminishes in the thicker skin region.

Figure 4 illustrates the effect of aspect ratio on satety factor if the panel width is kept constant
over the aspect ratio range from one to twelve. As shown in this case, safety factor decreases with
increasing aspect ratio. This occurs because, with constant width, panel area grows as the aspect
ratio is increased and this causes the total load on the panel to increase, which more than offsets the
otherwise beneficial increase in aspect ratio. (The benefit to be gained by employing aspect ratios
greater than one were demonstrated in Figure 2 for the constant area case and were described in the
discussion of the figure.) The largest decrease in safety factor occurs over the range in aspect ratio
from one to about five or six for constant panel width. Beyond this range the safety factor beromes
relatively constant.

Figure S shows safety factor variation with skin ultimate strength. This curve was constructed
from data points corresponding to the properties of AZ3IB magnesium alloy, 2024-T3 aluminum alloy, and
7075-T6 aluminum alloy sheet. As illustrated and as expected, safety factor increases with ultimate
strength. Htowever, this increase levels off in the high range over strengths from 60,000 psi (414 MPa)
to 70,000 psi (482 MPa). For example, a strength increase from 40,000 psi (276 MPa) to SO,000 psi
(345 14Pa) yields a 27 percent increase in safety factor while a strength increase from 55,000 psi
(379 MPa) to 70,000 psi (4R3 MPa) corresponds to only a 4 percent safety factor increase.

The influence of rivet spacing on safety factor for the conditions studied is illustrated by
Figure 6. Rivet spacing from 0.5 inch (12.7 mm) to 2 inches (SO.R mm) is covered by this figure. As
shown, the distance between rivets has much less influence on safety factor than the variables discuss-
ed previously. Doubling the rivet spacing from 0.5 inch (12.7 mm) to 1 inch (25.4 mm) results in only
an 8 percent increase in safety factor. Furthermore, over the range of rivet spacing considered the
rise in safety facter is rather shallow.

The influence of rivet hole diameter to skin thickness ratio on safety factor as shown by Figure 7
Is also small. In this case safety factor is decreased by an increase in the size of the rivet hole
relative to skin thickness. Safety factor decreases about one percent as the rivet hole diameter to
skin thickness ratio Is doubled from one to two.

The sensitivity of the safety factor (or damage tolerance) to the various independent variables
discussed can be jurlged by comparing the slopes of the curves over the various ranges of interest of
the independent variables. Actually, a somewhat more objective measure of sensitivity is given by
variation In safety factor with respect to the ratio of independent variable to the range in the
independent variable. This measure is evaluated at a certain value of the Independent variable. These
sensitivities are listed in Table 1. The independent variable, its range, the specific value at which
ser.itlvity Is evaluated, and the various safety factor sensitivities are listed in the table. The
independent variables arm listed in order according to their relative influence on safety factor. As
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shown, standoff distance from the skin to the explosive detonation point has the h1ghest influence on
safety factor. At 5.70 the safety factor sensitivity to standoff is 81 times higher than its sensitiv-
ity to rivet hole diameter to skin thickness ratio, which at -0.07 is the least inf'luential variable
studied. Also listed in Table I are the safety factor sensitivities relative to st:andoff as well as
sensitivities relative to panel width at constant panel area (which has the second highest influence on
safety factor). Panel width at constant panel area and skin thickness exerL roughly the same influence
on safety factor although in opposite directions. Safety factor decreases by 0.80 with an increase in
panel width at constant panel area, while an equal percentage incre-asein skin thickness raises the
safety factor by 0.71. Besides standoff, these two variables, panel width at constant panel area and skin
thickness, exert the next highest influence on damage tolerance. As shown, aspect ratio at constant
pan"l width and ultimate strength have about one-quarter and one-sixth, respectively, the effect on
damage tolerance as panel width at constant panel width and skin thickness. At one-tenth of both the
sensitivity of panel width at constant panel area and skin thickness, rivet spacing and rivet hole
diameter to skin thickness ratio have the least effect on damage tolerance. As stated previously, the
values listed in Table I correspond to the calculated sensitivities for the conditions studied,
evaluated over the listed range of values of the independent variables. For other conditions and
values of the independent variables outside the stated ranges, sensitivity of the safety factor to the
various variables can and probably will differ from those values listed in Table I.

The table clearly shows those parameters that have the highest impact on damage tolerance. In
those cases in which it is possible to provide large standoff between point of explosive detonation and
the aircraft struct.re, the structure will be inherently damage tolerant. This, of course, is true with-
in reason at least for projectiles with explosive charge weights up to certain maximum values that depend
upon the combination of the other pertinent parameters discussed herein. For those regions in the air-
craft which must be small for other reasons, damage tolerance can be obtained by utilizing thick skins.
This, along with use of a large structure to obtain damage tolerance, of course incurs a weight penalty.
flowever, to keep increases at a minimum for a given sized structure with lightweight skin, a judicious.
selection of panel width and aspect ratio can be used to increase damage tolerance. To do this, panel
width must be minimized and the aspect ratio should he maximized. As discussed previously, aspect ratios
around five to six provide a good compromise. Since decreasing panel width is achieved by increasing
the number of longerons or stringers, this means an added benefit is obtained -- the load per longitudi-
nal member is decreased with a consequent decrease in the probability of loss in bending capability if a
certain number of longitudinals are lost from blast damage or fragment perforation.

As indicated in Table I, skin ultimate strength plays a relatively small role In damage tolerance.
This is partly because of the level and range of strengths studied: from 39,000 psi (269 MPa) to
70.000 psi (483 MF'a). These strengths are already high since they are inherently necessary to sustain
flight load-A. Iigher strength materials are, of course, available although they were not considered for
a variety of reasons, some of which are: (1) some are not as lightweight as aluminum and magnesium
alloys, and (2) the use of some is not economically feasible at this time. If the skin strength range
were extended to include strengths from say 20,000 psi (138 MPa) to 60,000 psi (414 MPa), the senstiv-
ity value would change from the present 0.124 to around 0.7. This would make the skin strength influence
comparable to skin thickness. However, this is unrealistic since typical skin materials used in aircraft
construction ha.3e 'trengths much higher than 20,000 psi (138 MPa).

Even though the effect of skin ultimate strength on damage tolera:ice is quite small compared to the
effect of standoff, it still can be used to increase damage tolerance, particularly if a specific region in
the aircraft is marginal. As shown in Table I, ultimate strength has 15 percent the effect of panel
width at constant panel vrea. So at least some benefit can be gained by changing a skin that may be
marginal to a new skin material with higher ultimate strength. In this modification fracture strain must
not be overlooked. The fracture strain of the higher strength material should be about the same as c- higher
than (if possible) that of the skin material that is to be replaced. If the fracture strain of the new
higher strength material is lower than that of the replaced skin material, the potential benefit of the
higher ultimate strength may not be realiz:d.

As in the case of skin ultimate strength just discussed, the potential benefit to damage tolerance
obtained from variation in rivet spacing or rivet hole diameter to skin thickness ratio is not very
promising at about 10 percent of the effect of panel width at a constant panel area. However, as with
skin ultihate strength, a change in rivet spacing or rivet hole diameter to skin thickness ratio, or
pr6ferably a change in both, could be employed to cirrect a marginal skin situation. As indicated in
Table I, to increase damage tolerance, rivet spacing should be increased and the rivet hole diameter
co skin thickness ratio should be decreased.

Tail Boom Damage Tolerance

The test data listed in Table II for two separate bays of the type A tail booms are shown plotted
in Figures 8 and 9. The abscissa in these figures is skin loss from blast divided by the total area of
skin in all bay; damaged by the explosion. The ordinate in these figures represents the added deflection
at the endpoint of the tail boom caused by the blast-induced skin loss. As described previously, the tail
booms were damaged by either a statically detonated bare charge explosive or a small-caliber, high-
explosive projectile fired into the tail boom while the boom was statically loaded to simulate the maximum
flight load condition. Figure 8 concerns damage inflicted on bays 4 and 5 located near the middle of the
tail boom. Figure 9 concerns damage inflicted on bays 7 and 8. These bays are located near the tail end
of the boom. If the tail boom is treated as having a circular cross section, the ratio of moments of
inertia about a diameter for bays 4-5 and 7-8 is about 1.R.

As described previously, each tail boom was loaded by the simulated flight load. Under this load the
boom deflected a certain amount. Then the boom was damaged by either the high-explosive projectile or a
bare charge. Because of the damage incurred, which consisted of blown-away skin, cut longitudinals, bent
frames, etc., the tail boom suffered additional deflection. This additional deflection divided by the
overall boom length Is defined here as "scaled deflection increment" and is the ordinate in Figures 8 and
9. Boom strain is directly proportional to this scaled deflection increment.



Both Figures 8 and 9 show that damage-induced deflection increases with an increase in skin loss and
that for the conditions investigated, deflection caused by skin damage is approximately linearly related
to the amount of skin lost. The intent here of presenting the data shown in these figures is purely to
indicate trends and is not meant to be definitive. Tho vertical line labeled "failure" in both figures
corresponds to the relative amount of skin removed by the hare charge or projectile in those tests in
which tue boom failed under the applied flight load. The skin loss associated with these failures does
not necessarily represent the minimum amount of skin that has to be removed to cause the boom to fall.
This value should be fairly well represented by the failure line of Figure 8 since the nearest data
point, at skin loss/total skin area equal to about 0.3, is fairly close to the failure line where skin
loss/total skin area equals 0.35. llowever, the modified structure failure line of Figure 9 at skin loss/
total skin area - 0.34 is far removed from the next nearest data point at skin loss/total skin area
equal to about 0.1.

The slope of the data line in Figure 8 corresponding to damage in bays 4 and 5 is 0.022 while the
slope of the modified boom data line in Figure 9 corresponding to damage in bays 7 and 8 is 0.032,
indicating that the damaged structure of bays 4 and S is 1.45 times stiffer than that of bays 7 and 8.
This is understandable, particularly since the moment of inertia in the undamaged state of bays 4 and S
is approximately 1.8 times the moment of inertia of bays 7 and 8 in their undamaged condition; that is,
the bulk of the structure in bays 4 and 5 is located farther from the boom cross section neutral axis
that that of bays 7 and S. This basic foundation of beam theory, that structural stiffness increases
as section size increases, parallels the previously discussed obvious reLationship between standoff and
damage tolerance that damage tolerance increases as the distance between detonation point of the
explosive and the skin of the aircraft increases. This fact that damage tolerance increases with an in-
crease in section size and structural stiffness was predictable before testing.

Figure 9 illustrates the result of longitudinally stiffening the tail boom. In this case two
longerons and two lightweight stiffeners were added to the predominately tension side of the tail boom.
These longerons and stiffeners were identical to those used in the original, unmodified tail boom.
The resultant slope of the modified structure deflection - skin loss line is 0.018. This represents a
44 perc,-nt increase in stiffness over the original, unmodified tail boom structure. Also, as indicated
on the figure, at a skin loss to total skin area ratio equal to 0.34, the unmodified tail boom failed.
(This v;.lue may actually be high since tests were not performed at skin loss/total skin area values
between about 0.1 and this 0.34 figure.) llowever, the modified tail boom was able to carry the maximum
flight load while sustaining skin loss/total skin area equal to 0.35 -- essentially the same valu, at
which the unmodified tail boom failed. So, the additionally stiffened tail boom, whith 35 percent of
the skin in two adjacent bays lost due to blast damage, was able to sustain its load while an unmodified
tail boom with the same damage failed. Furthermore, the stiffeners added 44 percent to the rigidity
of the tail boom.

As described in the test description section, the effect of added stiffening on damage tolerance was
also evaluatpd on the type R tail booms. Longerons and stringers identical to those used to modify the
type A tail booms were employed on the type B booms. Two longerons and two stringers each were added
to beth sides of the ty.pe B booms whereas they were added to only one side of the type A booms. Three
of the t 'Ie B tail booms were tested. One was used as a control and was tested in its original unmodified
condition. The other two booms were tested as modified. As indicated by Table II, a single shot into
the unmodified tail boom caused it to fail, and this occurred with only 63 percent of maximum flight load
applied to the tail boom. However, the modified tail booms, hit at the same point by the same type of
projectile under the same firing conditions, were able to sustain the full, maximum flight load.
Furthermore, as shown in Table 11, a total of three projectiles each were fired into both of the modified
tail booms -- both of which sustained the full, maximum flight load. Therefore, it may be seen that the
added stiffening allowed the type 9 tail booms to carry their maximum flight load while sustaining
multiple hits in adjacent bays, whereat; the unmodified tail boom failed at only 63 percent of its maximum
flight load from the action of a single projectile.

CONCLUSIONS

Both the skin and the skin stiffening system of a semimonocoque aircraft are important in the damage
tolerance of the structure. For a given size structure, a judicious selection of skin panel width and
aspect ratio can be used to increase damge tolerance. To do this, panel width must be minmized and
aspect ratio should be maximized. For the conditions studied, aspect ratios around five or six provide
a good compromise. Damage tolerance of the helicopter tail booms investigated in this study have been
found to be proportional to the section modulus of the undamaged section and inversely proportional to
the amount of skin removed from the structure by the damaging agent.

For the conditions studied, damage tolerance of the aircraft skin is influenced by the following
parameters which are listed in decreasing order of their effect on damage tolerance. The relative
values of the skin damage tolerance sensitivity to these parameters are also listed:

Standoff distance 1.00

Panel width at constant area -0.140

Skin thickness 0.125
Aspect ratio at constant panel width -0.035

Skin ultimate strength 0.021

Rivet spacing 0.014

Rivet hole diameter/skin thickness -0.012
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It has also been found that an increase in longitudinal stiffening, achieved in this particular
study by addition of longerons and stringers, can provide an increase in structural damage tolerance
of at least 44 percent. Furthermore, it has been demonstrated that the simple addition of a few

"lightweight longitudinal stiffening members can mean the difference between catastrophic failure of
an aircraft from the damage caused by a single high-explosive projectile and an aircraft that can
continue to carry its maximum flight load with multiple hits in the same critical area by the sarme
projectile.
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TABLE I. SKIN PANEl. DAMAGE TOLEPANCE SENSITIVITY

SENSITIVITY T ..... .. - SENSITIVITY SENSITIVITY

EVALUATED RELATIVE TO RELATIVE TO

FACTOR RANGE AT POINT SENSITIVIT*Y STANDOFF PANEL WIDTHL _ T.
S STANDOFF 2-40 in. IS S in. 5.70 1.000 -7,125

PANEL.WIDT AT. (0.051-1.02 m) 1 (0.127 m) I
PANEL 2-12 in. a • 6 in. -0.80 -0.140 1.000

CONSTA.NT AREA (S.08-30.5 cm) (15.24 cm) ..

h SKIN THICKZNESS 0.0.-11.08 in. ih - 0.04 in. 0.71 0.125 -0.888
(0.508-2.032 mm) (1.016 mm) _

8 1 ASPECT RATIO AT 2-12 B S S -0.20 -0.035 0.250
CONSTANT PANEL
WIDTH i • -

FU' SKIN ULTIMATE 39,000-70,0,• 0 psi FU 59,000 psii 10.150

STRENGTH (269-483 mra) (407 MPa) _ _

.D RIVET SPACING I 0.5-2 in. D I 1 in. 0.08 0.014 -0.100
.. , • (12.7-50.8 mm) (25.4 mm) - |

!k RIVET HOLE DIA. 1.4-4.8 k = 1.8 -0.07 0 -O.012 0.088
I SKIN THICKNESS g' _l .... _

TABLE II. TAIL BOOM TEST DATA

TEST MODIFICATION BAYS APPLIED SKIN LOSS SCALED
NO. DAMAGED LOAD TOTAL SKIN DEFLECTION

AREA INCREMENT,

Al-I NO 7- -S MAXIMUM 0.093 2.2

AI-2 NO I " ' 0.193 4.2

AI-3 NO I 0.305 6.3

AI-4 NO '. 0.351 FAILED

A4 NO 7-8 MAXIMUM4 0.05 " 1.

AI-S NO " 0.11 3.2

A2 NO " " 0.34 FAILED

A3 YES 0.35 6.5

BI NO 3-4 .63 MAX. * FAILED

82-1 YES 2-3 MAXIMUM4 SUSTAINED

-- LOAD

B3-I f YES " "

B2-2 YES 3-4 MAXIMUM * SUSTAINED
LOAD

83-2 YES " "'

B3-3 YES 4-5 MAXIMUM * SUSTAINED

LOAD

NOT MEASURED
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SUMOIARY

For the aircraft designer to be able to take proper precautions against

the potentially damaging effects of non-contained engine failures, he needs

to know the likely size, weight, energy and direction of attack of debris

that might be released by the engines. From an analysis of a large sample

of past non-contained engine failures in commercial service the above

parameters have been established for any given engine.

Protection of sensitive parts of an aircraft beyond that implicit in

the aircraft/engine layout could be provided by recently developed deflector

systems capable of deflecting high energy fragments in a harmless direction.

Continuing work on the basic causes of non-contained engine faiaure has

led to changes in eogine design to make these failures less likely. Beyond

this, improved containment characteristics of casings are under development,

notably in the control of the way in which debris is released.

INTRODUCTION

The purpose of this paper is to providL a basis for minimising the hazard of non-contained engine
failure. The ob.,ctives arE:-

I. To define the debris that might be released by a given engine in the event of non-contained failure.
in terms of the weight, direction of release, energy and size of fragments.

2. To examine ways of reducing the potential effect of such debris upon the aircraft.

3. To explore the practicability of making non-contained engine failure less likely.

Non-contained engine failures do not occur very often, the average rate in commercial service has
been less than one per million engine hours world-wide in recent years. Further, the probability of this
cnce-per-million-hour event causing an aircraft accident, defined as penetration of fuselage or damage to
wings or vital services, has proved to be about I chance in 8.5. In other words, aircraft accidents due

to non-contained engine failure have occurred, on average, less than once per 8.5 million engine hours.
The statistics shown in Fig.l put it another way and show that 97.2% of all aircraft accidents and 99.91
of all fatalities have been the result of events other than non-contained engine failure.

PERCENTAGE CAUSE OF INCIDENT PERCENTAGE
OF ACCIDENTS OF FATALITIES
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Fig.l. Analysis of Aircraft Accidents & Fatalities - 1954 to 1974

Nevertheless, to reduce the accident rate we must work to eliminate all known causes of accidents,
and non-containment is one of them. Recent research wtrk has indicated some possible ways of improving

the situation without the need for large increases in weight and ultimately a balance must be struck
between weight Increase and the effect upon an already low probability of hazard.



To provide a deLnitiont of the kind of debris likely to be generated by non-contained failure in a

given engine, we have examined the results of non-contaLwaent in our comnercial engines over the years and

recorded the weights of fragments, their direction of release, their energy and their size, wherever the

information is known. The statistics cover a wide range of engine sizes and types, including prop-jet,

pure-jet, by-pass and fan engines, in single-shaft, two-shaft and three-shaft configurations. The

experience covers over 124 million hours of engine operation in service,

WEIGHT OF FRAGMENT

Fig.. shows the weight of the largest fragment released in each incident as a percentage of the bladed

disc weight. The fragments vary from part of a blade to a complete disc. The incidents categorised as

aircraft accidents are indicated, showing that complete discs are less likely to cause a problem than disc

fragments. but fragments of any size are capable of zausing unacceptable damage if they hit certain parts

of the aircraft. Compressor and turbine non-contailunent are indicated on the plot anti it shows that only

turbine discs have been released complete, probably because a turbine disc has easier access to freedom

than a Comprussor disc.
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Fig.2. Non-Contained Failures 1954 To 1974 Inclusive

Fig.3 gives the percentage of incidents in which the weight of the largest fragment released was a

given percentage of the bladed disc weight or less. It is a way of showing the reduction in the number

of ron-contained failures that would be achieved by providing an ability to contain an increasing weight

of fragment. For example, the ability to contain a fragment weighing 5% of the bladed disc weight would

have prevented 56% of all non-containments. If the former figure were 10% we would have prevented 72%

of the non-containments. Thereafter the gains are less spectacular.
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Fig.3. Number of Incidents V Fragment Weight

When a fragment strikes the inside of an engine casing and it is not contained, it is sometimes

deflected on its way through the casing. Fig.4 illustrates the effect of such deflection upon the

subsequent path of a fragment. Since the point of penetration of the casing is at a random circumfer-

ential position, the probability of an aircraft Item in line with a disc being struck by a fragment is

unaffected by deflection of the fragment by the casing. But the axial deflection of the fragment is

important in that it affects the axial length of the possible impact area on the aircraft.
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Fig.4. Debris Spread

A study of the axial deflection of debris in actual incidents produced the result shown in Fig.5
where axial deflection is plotted against weight of fragment. It shows that only the lighter fragments
were appreciably deflected, the maximum deflection being ±330 wheteas the heavy fragments were not
deflected more than +50. Thus, the situation may be as shown on Fig.6 where a pack of discs creates
over-lapping fields of possible debris distribution so that any protection or special measures taken by
the aircraft designer will require sensibly uniform application over a length slightly greater than the
length of the rotor pack, tailing off to zero beyond each end of the rotor as shown in the Figure.
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ENERGY OF FRAGMENT

A fragment has two kinds of energy when it leaves an engine, see Fig.7. It has kinetic energy along
its flight path which is tangential to tho radius described by its c of & when it was part of the disc,
and it has rotational energy about its own c of g. Experience shows that for practical purposes it is

the former, i.e. its translational energy, that causes the real damage on impact and this is because the
translational energy is in the direction of the impact and, for realistic fragments, it is invariably much
greater than the rotational energy.

Fig.7 also shows a plot of disc sector size against its translational energy. The fragment with
maximum translational energy is a disc segment subtending an angle of 133.6°. An unbroken dL'c has no

translational energy unless It picks some up as a result of friction developed in rubbing against static
parts which may throw it sideways out of an engine with a relatively low velocity.

/ MAX VALUE OCCURS /

ENERGYo0 / ENERGY

ROTATIONAL OAFV 133.60 TRANSLATIONAL

0* 600 1200 130' 240* 3000 360*
INCLPED ANGLE OF S4CTOR (

Fig.7. Definition of Fragment with Maximum Energy

The energy with which a fragment leaves an engine is less than its initial energy because it expends
some energy in penetrating the engine casing. In calculating the energy of an emerging fragment a
proportion of the amount of energy the engine casing is capable of containing should be subtracted from
the initial energy of the fragment.

To determine the blade containment ability of a casing we plot blade energy against a function of
blade dimensions and casing properties for all known cases of blade release including experimental tests
and service experience. The result is shown in Fig.8 where contained and non-contained failures are
identified.
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Fig.8. Blade Gontaiznment Criterion

The dividing line between containment and non-containment becomes apparent and although, in the
nature of things, there are occasional results out of line with the overall trend, the method provides a
guide to the thickness of casing, in a given material, required to contain a blade of given energy. it
also provides a measure of the energy a given casing is capable of destroying in the blade release case.

Unfortunately the behaviour of a casing is not quite as straightforward as to destroy an equal amount
of energy regardless of the Initial energy of the fragment. In containment teats a fragment with an
energy level just beyord the containment capabilities of a casing lost 90% of Its energy in passing through

the casing. But when a portion of a rotor, comprising four blades and a piece of disc, was released from
a rotor rotating inside a casing designed to contain a single released blade, the fragment passed through

the casing with a near-zero loss of energy. That some energy was lost was shown by damage and distortion to
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the casing and to the blades in the fragment but the loss was too small to be measured In terms of
fragment velocity before and after penetration. Evidently, the casing did not develop its full contain-
ment potential when subjected to loadings far beyond its capabilities.

Further containment tests are In progress to build up more data on this problem and to establish a
formula fur the amount of energy destruyed in a range of fragments when they pass through a casing of
known blade containment ability. Meanwhile, until we have more data it seems reasonable to assume that
the loss of energy varies from l00% for a single blade, to zero for the 4-blade fragment tested, or any
larger fragment. The 4-blade fragment weighed 6.5% of the weight of the bladed disc.

There is an additional loss of energy in fragments that are deflected on passing through the casing.
The amount of this loss depends upon the degree of deflection, and from theoretical considerations and
practical observations the relationship between deflection and residual energy is as shown in Fig.9.

100% ENERGY/
ENERGY AFTER PENETRATION
OF CASING

-ENERGY

40" 30" 2r 10" 0 10" 20" 30" 40"
ANGLE OF DEFLECTION

FORWARDS - -I - REARWARDS

Fig.9. Energy after Deflection v Angle of Deflection

This relationship can be used in calculating the possible energy of deflected fragments in the
forward and rearward fields covered by the possible axial spread of debris.

SIZE OF FRAGMENT

The maximum dimensions of a fragment thrown by an engine is important in terms of the probability of
striking a given vulnerable item of the aircraft. Fig.lO shows that for a given aircraft layout the
larger the fragment the more likely it is to strike a given object. The chances of the small fragment
striking the object are 9l in 3600 , but for the large fragment they are 92 in 3600 and clearly the
larger the fragment the greater the probability of a itrike.

"/AIRCRAFT ITEM

ROTOR

AERCRAFI nTM

ROTOR

Fig.10. Fragment Size Effect Upon Probability of Strike
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Fig.ll shows actual non-contaLned failures in terms of ths arc of disc released against percentage
of incidents. These results can be used for calculating the probability of impact of frampenta of

various sizes upon aircraft vulnerable items for various aircraft/engine arrangements. The results for

turbines and compressors are shown separately to illustrate that compressors have tended to release larger

arcs of disc rim than turbines. This is due to factors such as disc proportions.
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20" 0"O' t0" 140" 100' 22F' 260' 300"

SIZE OF LARGEST FRAGMENT - ARC OF DISC RIM - DEGREES

Fig.ll. Size of Fragment

AIRCRAFT TREAThENT

Having defined the possible debris from engine failure the problem of dealing with it falls to the
designers of aircraft and engines. The aircraft designers can minimise its probable effects by careful
planning of engine rotor positions relative to vulnerable aircraft items. He can make use of duplicated
and triplicated runs of vital aircraft services to reduce the probability of a hazard to the aircraft in
the event of damage in any particular region. He can avoid, for example, siting the distribution unit of
a multiple system in line with an engine rotor. Where there is no other possible course he can rely upon
the statistical improbability of the coincidence of adverse events. The safety record of exiFting
aircraft, designed long before the information .low available to us had been generated, !.rovi$us a high
level of confidence in the safety of new aircraft designed with this wider knowledge of --ha haz;ards to be
avoided. Finally, it is possible to provide protection for vital regions of an aircraft if the pressures
of meeting other essential requirements of an aircraft design do not permit the required safety standards
to be achieved by manipulating the aircraft/engine layout.

Tests have been carried out in the U.K. both on armour plating and upon devices capable of protecting
vital regions by deflecting approaching debris in a harmless direction. Lightweight angled deflector
plates mounted on collapsible mountings have been shown to be capable of deflecting fragments of any given
energy in a consistent manner without subjecting the mounting structure to the intolerable shock loads
associated with the devices capable of absorbing the whole energy of high energy fragment.

Fig.12 shows the concept of the deflector system.

'Imam

HARMLESS DfleCTION

Fig.12. Debris Deflector
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ENGINE ThEAWNT

It has been suggeested from time to time that the hazard of non-containamnt could be completely
eliminated it the engine could be designed to 101LaiLn all rotor failures including segmental disc
failure throug~h the bore. Studies ot this solution, based upon limited rig test results, indicate that
in the case of a large transport engine, the weight increase for complete containment would be of the
order of 50% of the Basic Engine Weight. Further, if the most affective use wort to be made at thc- extra
weight, the casings would have to be a single thickness and the thermal lag ot casings of such thickness
would impose severe restrictions on engine handling (throttle movement) and we would have an engine of
weight and haindlability suitable for a power station but not tor an aircraft.

iii.•ea the approach has been to exumine the reasons for all past non-contained failures on develop-
ment and in service and to work towards eliminating the causes by careful design and development. The
causes can be put into the following categories -

I. Disc tailure due to primary or secondary fatigue i.e. due to fatigue imposed by normal engine
operation or due to fatigue under abnormal condtilons arising from engine malfunction.

2. Disc failure due to ovetheating as a secondary effect of a malfunction such as loss o' cooling
air or an internal engine fire.

1. Disc failure. as a result of loss of relative axial location between rotating and adjacent static
parts leading to a rub on a sensitive part of a disc.

4. A failure precipitating the sh1,elling-out of a complete row ot blades from the disc.

5. Shaft failure leading to turbine overpeed to bturst or blade release.

6. Multiple blade failure due to ingestion of exceptionally large bird or otlher foreign object.

7. Detachment ot complete disc.

8. Disc failure due to material deiects.

We do not propose to deal with all these items in detail in this paper but the general approach to
each item can be stated.

Primary fatigue failure from the bore ot a disc fas been avoided in the past by establishing safa
low cycle fatigue (LGF) lives on the basis of extensiv, tyclic rig testing of engine discs. including
sanmple discs takeni trum servicne engines after given exposure to service operation, cycled on to failure.
A typical result is sf,.uwn in Fig.13 where the disc failed from an origin in the hub. This form of tailure
is avuided in service by limiting the number of stress cycles accumulated by any disc in service to
substantially less thanl the number established by the rig tests to be within the capabilities of the disc
under service conditions. These nmeaaures have rendered LCF failure a very rare occurrence but discs have
found other ways ot failing in fatigue.

STJ. 11.2 ST.3

LOW CYCLE FATIGUE
ORIGIN IN "Us

Fig,13. Cyclic Spinning Fatigue Test to Failure

Examples of disc fatigue failure in service are shown in Fig.14. Item I shows a rare case of failure
through the bore from a crack in the rim of & turbine disc. Item 2 shown a turbine disc rim crack
initiated by blade excited high cycle fatigue (flaF) and progressing in a circumterential direction to
release a piece of disc. Items 3 and 4 similarly show compressor disc failures which have released
pieces of disc rim whýre the crack has not run into the bore of the disc. The Important point about
these failur•= is that in some designs of disc, a crock propagating from the rim fnllows a line that
releasca only a swall piece of disc rim whereas in other designs the crack will take . different course
and release a large fragmtent. clearly, by studying the mode of failura and relating it to the direction
of crack propagation in the disc we can establish the features -f design and environment that determine
the size of framnt released end we can move towards designing discs disposed to release WIall rather

-. than larga fragmeitls.
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Disc i.afiures due to overheat~in through lack of cooling air have been due to straightforward
mechani Cal failure~ of air duct.ii or air seals and eaxnirience liam, shown :.-,' such failureb call be avoided
ur the effect of their failure canl be reduced. till firch have caused dir~c Iailure's too, but, we have
learned how to inhibit Lthe engine against Lnintrlal tire by avoiding Lthe po~sibilit~y of conditions fin the
ninginne that will purcintL the Ignition or cunt mitiud burning of oil vapouur.

lit the cabe ot disc overheating tiue to rubs,. it the lobs it axial lutatLvis of a rotating asseimLcy.
due to bearing ur bhaft failure, permnit% rubs tu occur betwen1 roLAtilis and hitLic inefiebilr, Lhe rub can
be arraniger1 to occUr in a rclatiVely hial-Tilebs poSIt ion onli. disc. ft is known thatl & rub) on a
Segbisit e part like the disc diaphrragnir carl cauhe overheating leafing to dist failure due to loss of
creep prupertivii. See VEig.L.

ACCKPTAIU

'UNACCIPWAIILE

Fig.15. Control of Hubs
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shankiwithout. tailing the fixing
it sel , see Fig.1lb. With such a
design, fouling of the blade% which
might otherwise caus4e wrenching of
tile blades out, of thie disc, will
instead either bend the bladerý over

AIRoFoIL A SHANK ARUOFOIL FAILURE or break them in the nc'rotof I,
GIVE WAY BEFORE UTLRASING MINIMUM relvas.ilg iragmnient5 inore likely to

FIR3IE TEETH WMIGHT OF &LADE ben culitmi~ned by t he casings.

F1g.16 . t'cnvenmt ion of Mhe.floig-Out of Bllades'
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In the case of shaft icilure a study of all causes of failure carried out some years ae identified
a variety of different failure mechanisms. The causes were largely elLminaLed in later engines but theassumption should be made that despite all precautiona, rare cases of shaft failure may conceivably occur.

components are continually finding new ways of failing, and appropriate precautions should be taken, such
as providing sufficient braking in the inevitable rubs between rotating and static components Lo preventunacceptable overspeeding of the turbine in the event of a shaft failure with loss of turbine axial

location.

With regard to the problem of bird or other ingestion, an engine would have to be impossibly rugged
to tolerate every possible bird strike. Engines are designed to ensure that failure from this cause i,
acceptably rare.. The ability of engines to ingest birds without serious effect has been greatly improved
'over the years by the more extensive use of stronger blade materials, stronger shafts and shalt joints, by
increases in clearances between rotor and stacor blades to avoid fouling, and by the introduction of
stronger stator fixings. But there are bound to be occasions when exceptionally heavy ingestion will
cause multiple blade failure and possible non-containment.

Disc detachment has been overcome principally by the steps taken to eliminate shaft failure. But in
a case of a disc breaking up it may cause suf-ficient damage to the shaft and surround±t.g structure to lead
to the release of an adjacent disc and here we must rely upon reducing the likelihood of failure of the
first disc. Some discs on early engines were lost due to failure of their retaining bolts or flanges and
these Incidents are included in the non-contaireent statistics but more stringent criteria on bolt and
flange design have been applied, for a number of years with satisfactory results.

Ou: safeguard against disc failure due to defects in the material is a high standard of quality
control of manufacturing and inspection. Having established manufacturing procedures giving reliable
and consl.stent material properties throughout the disc, and having established the cyclic life of the
disc by rig and engine cyclic spinning tests at extreme conditions, no change in manufacturing procedure
should be permitted without a repeat of a comprehensive test programme. Further, techniques for the
external and internal inspection of discs for material flaws must always be the best available and we are
continually endeavouring to improve the inspection standard.

"IMPROVED CONTAIlNENT

fHaving taken all reasonable steps to prevent disc failure and having designed the discs so that in

the event of failure the size of fragment likely to be released is as small as possible the question
arises as to how much farther the engine man should go. lie could improve on the containment capability
of engine casings by making them heavier but this would require an international ruling because no engine
manufacturer is going to put himself in an uncompetitive position on weight relative to other engine
manufacturers.

At first sight any improvement in containment capability would require a general thickening of the
casing in the plane of the disc and any worthwhile improvement would involve a considerable weight penalty.
But the layout of many aircraft is such that the escape of a high energy fragment from the engine could
only affect the aircraft if it emerged from a particular small arc of engine casing, see Fig.17. Thus,
an improvement in the containment ability of this arc of casing alone would provide the same benefit to
the aircraft as improving to the same degree the containment over the complete circumference of the casing.

VULNERABLE I'

LOCAL

ABIIT1Y CRITICAL ABILITY CRITICAL
OVER THIS ARC ,OSSIE OVER THIS ARC

CONFIGURATION

Fig.17. Control of Direction of Release

Containment rig tests have been carried out on locally thickened casings and it has been shown that
because only a local region of a casing takes part in destroying the energy of a fragment by stretching
and distorting, a local thick area of casing behaves as though it !.e.re part of a complete ring of the
same thickness. B!y applying this principle, a given standard of 1,rotection could be provided for a
given aircraft for a minimum engine weight penalty.
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Research work is required it the subjects listed below and to some degree, it is in prop.ress.

(a) control of direction of fatigue crack propagation in discs.

(b) Loss of energy of a fragment due to passing through a casing.

(c) Eflect o! blade/disc configuration upon loss of energy in passing through a casing.

(d) Conmtali•mett criteria for a group of blades and a piece of disc, as opposed to a single blade.

(u) Ce,i'tainaent ability of casings of various materials and configurations.

(M) Directiontal release of debris.
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dons Vespaco onvIronnant des d~bris vari~s.

Eni raiuson don conmdquences oat-astr~ophiqoes poovant en rdsulter poor l'avion 11 eat maintonant g~nfi-
ralomont admis dar leam matoritmto d'aoaorvr I& ritention do oon dibris dane 1. carter do ioteor' en cam do
rupture d'auhea, Moin 11 rout tie prodoirr dan Innnidertms ploy graves : des ruptures do O(lues0.

Dana ce coo lcea m,toristes ne, a ongagent pan hs lreoure actoatlo AL nassurer I& rhtsntion do rem 6
brim. 11 appartiont alura own avionneorn d'apprdcisr le riaque en rdoultairt at do roohorcher lea a ~yean
ad~quata pour minimirur hi on niveom convenablo is prubabil ltd dea ounsfiquoncen catastrophiqoez poovant ont
ddcouler. ?Naturelleilent lea imotoriatous font toot tour poissible poor oherchor & rdduire In nombre d'tneldants
do cette sorts. Cpsn ot'for-tn no mont pas vriins d'ailieura, si on ean logo d'apr,;nj la ddcrisoance lente rmalm
rffgolifr depots oine dizatne d'annses do Ia frdqoonve de ce pihrneiý'no.

C'eat or, so basant. our cettv vast. expdrionco fit coompta teno dan pricorrotnna adopties lors do ddva-
lo)ppement do ce no~uveau rootoor quo ROLLt3 iROYCE a avanod is valour de 0.55 incidents do vo Lype por million
d'liourea do Vol avion. Cott- valeuir o'entend poour 1. qoadr~irdacteur CONCORDE effectuant, one diape type
Parns durde Imoyonn- de trni. heuru,3.

Copendant as risquo oat encoie sui'ftanunont grand pour avoir falt i'objet d'une Otude parttrulll're-
mant. import~arrto 4le ire par' den svionnrrrcnrn. Poor alent convaincre 11 olutfit do comparer' cettt' valour Al cello



du risque global, Fig. i. 11 convient done de justifier pour cotte soul# cauro un risque do cono~quence
catastrophique notablement infdrleur.

Natureliement pour an juger l'evlonnour dolt disposer d'informatluns our let carsetdristlques dog
4ject ions i - trajectoire dos debris,

- nature des ddbria,
- dnergie des d~brls.

Ces tnforiat!ons sasocidos & des r~partitions de probabilltd constituent Ie modt-le d'6clatement,

1.3 Le modile d'iclatemont

L'analyze minutieuse de tous lea incidents de cc type aurvonus h ce jour &el14e h une connaimsaflce
approfondle du moteur ne nous senablo peas encore suffisante aujourd'hui pour diaborer sur des ý.asez stric-
temont rationnelle3 un modble complet d'delaternent. 11 convient de ne pas perdre de vue ce cas actre haute-
mont hypothdtique du modile. En particulior,. on ne pout on ddduire plus que des ordres de grandeurs de cer-
tAins risques et on no pout eapdrer at,*.indre aucune conclusion certain.. Ceci eat cependant suffinant, comnp-
te tenu des remnarques Edndrales prc4cdentes si on se place naturellement en dehors do tous cadres ddtermi-
nistes.

A titre d'exemple, dons le modL~le utillad is d~finition des trejectoires eat du mgme type pour
tous lea d~bris. Eli. eat baade our une trajectoire de base constitude par Is tangente dman 1e plan do
rotation du disque au cercle ddcrit par 1e centre do gravitd du d~bris avant rupture. La probabilitd
d'6jection eat la mgme dana touter 005 directions. Cette trajectoire de base pout 8tre ddvige & la tra-
vers~e du carter moteur d'un certain angle S par rappo~rt au plan do rotation du disque. La valeur 'maximael
de cetto diviat~on eat t'onction de la nature des d~bris. Elle eat de + _30* pour lea d~bris mineurs, do + 50
pour lea d~bris majeurs et de + 3*pour les tiers de diaques de turbi~ne. A cette ddviatiofl eat assocido
wie r~partition de densitd do 7robabilit4 triangulaire symdtrique sur l'intervalle des d~viations anaximales
c~nsid~r~es.Cette dist~ribution eat reprdaentie sur le Fig. 2 pour lea dibris mineurs.

Par nature lea ddbria inclus dans ce modble aunt do trois typos
- aube
- fragment de disque
- tiers do disque de turbin~e

11 convient do prdclser ici pourquoi dona ce mod~le on trouve des d~bris du typo aube bien qu'il
s'agiaso d~'un mo6-le d'dclatement de disque et quo lea ruptures d'aubes sont suppoades contenues par ail-
leura. A ls suite do 1'6elatement d'un disque lea d~br 'Is priffiairos ne sont pas contenus ot porforent le
carter. Par lVorifice ainsi cr64 peuvent alera d'dAchapper des aubes qui pouvent se ddtacher do ls partie
intacto du disque. Il a'agit done en feit do projectiles aecondaires.

LA forme do chacun do coa dibris eat diflnie par ailleurs.

La combinaiaon do ces diffdrente d~bris porinet do ddfinir buit cas d'iclatement . Coo huit can

sent r~pertori~s dana 1e tableau ci-dessoun avoc leurs fredquencea relatives.

Caa r4 Nombre do d~bris et nature
___________ ___________________ uences__________________________

1 Tiers do disque 5% 2 tiers do diaczue - dnergle maximale
TtArbine 2 Fragment do disque 20 % 1 fragment do discue - fnergie maximal.

75 3 Aubes haute Energie 8 % 1 aube - Energie rdpartie ontre 55 et 100 %
___________________1 aube - nergio rdpartie entre__0_et__55_%

4 Aube basso inergie 40% 1 aube - inergie & 55 %
5 Dbris multiples 2 % Equiprobable entre N13 et N1/12 aubcs4 toutes

___________________100 % d'4nergle.

61 Fragment do disque 5 % 1 fragment do diaque - Energie maximal.
1 subs - 6nergie rdpartie de 55 A 100 %

Compreaseur ____________2 aubea - inergie rdpartie do 0 h 55 %

25 % 7 Aubes haute 46nergle 5 % 1 subs - Energie rdpartie do 55 & 100 %
1 ________________1 aubo - 4nergie ripartie do 0 1 55 %

8J Aube basso 4nergie 15 % s ube - 6nergie h 55 %
*N :nombre d'aubes do 1'6tage conaiddri.

Les risquos Bsaoci3n Sent supposis Stro dqui-rdpartis respoctivement entre lea deux 4tages do
turbine et lea 14 Etages do compreaseur.

Los niveaux d'inergio maximal. ou & 100 % des divers typos do d~bris sent ddfinia par ailleura
avec co schime, pour tous lea dtages du ceanpreaseur et de la turbine.

Pour lea d~bris du typo tiers de diaque do turbine ou fragment do disque cette 6norgio no d~pend
pas do l'anglo do d~flection. Par centre, pour lea d~bris du typo aubse ette Energio eat tenction do
1'angle do d~flection auivant Ie loi indiqud6e sur ls Fig. 3.

Loraque 10 nivesu d'4rergle eat. indiqud conmm rdparti entre deux limites 11 oat considdrd quo
tout lea niveaux d'Energie entre 008 limites sent 6quiprobables.

Coci 4tant, on no pout. s'emp~cher do remarquer la complexitd do ce schdma. Naturellemant, 11 eat
unanimement reconnu quo lea dibris suaceptibloa d'Otre LEjectds sent trds variEs. D'oti mne certaine ten-
dance naturelle pour augmenter 10 r~al lam. h multiplier lea typos do d~bris. En felt on eat certalneament
encore trda loin du compt~e car ii n'y a prebabloment, peas deux Ejections comportant lea m~mes d~bris.
Coepndant, 11 faut bion noter quo chaque typo de d~bris pris en considdration dolt Itre aeccompagnd dunm
ensemble d'hypothi-cos ddfinissant, s trajoctoires, d~flection, inergie, probabilitd d'oecurence aesoccides
I con oaract~ristlques.



A 1 'hours actuelie Is. valour do I& quasi totalitd do ec hypothbsos roporno esauitileioest our
um jugement. 11 *at olair dana con conditions quo i'amonceilouent d'hypothbose do cotte sort. risque
d'E1lognor rapidomont is modbel propond du rdalism mouhaitA. Autroemnt dit 11 conviondrait dbo l061sbo-
ration du modkel proponE auu avionnours do no peas pardro do vue le caractbre hautoment aldaitoire do
l'*nsoirblo des ph~noaibnea conaiddrds.

1.4 L'analyso do adcurith

Face h cetto situation et & l'aido do cc modbl* d'Ecistount, 1'avionnour va reahoroher toun l..
moyens h sa disposition pour esaayer do rdduire h um minimum acceptable loe risquos do consequences catms-
trophiquos pouvant rdsulter do co phdnom~ne. 11 oat commode do distinguar pa~rml ccc moyens les moyosa

eif t, lee moycria paseafe.
La d~finition des trajoctoires fcournie par Ie modble d16clateinent persist do diterminer un volume

entourant lea r~acteurs qui risque d'@tre balay6 par des d~bris. L'intorsection do ce volume et do l'avion
i ddfinit alors wi volume critique h l'Intdrieur do l'spparell, Fig. 4.

Naturellement 1s premier soin it prendre eat d'dliminenr de cc volume t~ous lea El1ments dent I&
destruction par lea ddbris risquerait d'avoir des consdquences catastrophiques. Malheureunoment comic solu-
tion simple ne pout Stre eppliqude h tous lea cas. En offet le volume critique coupe l'appareil en doux.
L'Irnter-communication vitals entre oes deux parties ndcessits donec do faire traverser I. volum, critique
par tin certain nombre &o circuits.

Pour rdduire le risque en rdsultant on applique alen 10 principe do la duplication dos circuits
vitaux. Stir CONCORDE tous ces circuits sont tripl~s. 11 y a lieu do rioter quo cotta duplication r~sult.
4gslement d'autres considdrations. 11 convient ndanmoins d'attribuer h ce ph4nom~ne pour la part qui lul
revient les pdnalitds assocides h ia rdalisation do co prirsoipe.

La duplication a pour corrolaire obligatoire la s~grigation do faqon ak 6vlter la rupture dos di-
vers circuits par um soul projectile. ChAque circuit constitue tin objectif d'une taille reListiveuent fai-
ble. Dui reul point de vue ogdotrique la probabiliti d'atteindre un tel object~tf est foible, gdn~ralement
largement infrLeure h 10 - pour fixer les id~es. La probabilitd d'atteindre deux ou~trois c~cuitz sdpa-
r~s par des projectiles ind~pendants eat donc encore plus largerient infdrietires AL 10 ou 10 . Cood eat
tout & fait ndgligeable devant lea risques associ6s auy catastrophes naturelles cque constitue par exewapie
l'!jection do deux tiers de disque do turbine avec l'6nergie maximale.

Sous r~serve do contri~ler simplement l'spplication des principes do dup).Icstion et do adgrdgation
dee circuits 11 apparatt qu'il pourrait Otre fsit l'dconoinie dona e Is od~ic ;ýioP084 do tous leo can d'E-
joctions multiples. 1l r.ous semble que coci sorait do nature AL clarifier notablement ia situation au bWa-
fice certainement d'une reilleure compr~hension des points fondazentaux de l'analyse do s~curitE.

Enf in 11 reste AL d~terminer 10 choix des cheminements lea plum approprids ocupte tenti en partlcu-
lier des possibilitis de protection contre lea ddbris offerta par lea structures natUrellec do i'avion.

Cotto possibilit6 oat. illustrde par wi Incident survenu k tine CARAVELL do la Coispa~ie A.U.A. peu
spr+s tin ddcollage do BUCAREST. Un d~bris 4jectd du moteur a traversE la paroli do nacelle at a perf orE In
paroi de fuselage. L'Energie absorbde par ceo perforations a EtE cuff isante pour protdger Is nappe hydrau-
lique 3itude sous Ia peati du fusolage et l'appareil a pu se reposer en Evitant une catastrophe.

11 est certain donc que 1e choi~x dos cheminsisnts ect particuli~rement important pour minimiser.
los riaques. Pour motiver ce cheix stir tine base rationnelle, i1 convient do disposer d'wto mdthode d'dva-
luation do la probabilitd do perforation dos structures do l'sppareil par coo d~bris.

Enf in si l'analyao do adcuritd no conduit pas dana coo conditions k tin nivesu do risque jugE sccep-
table, 1 avionneur pout avoir recoura AL dos inoyens actifa conatitude par does blindagos muppldmantaires
dostin~a ha nI~ter plus ou moins partiellonant eti A divier lea projectiles as dirigeant vers des point's
sensibles. La s~thode d'dvaluation do cos blindagga no sera pas essentiellement diffdrent. do la dithode
prdcddente at do touts fagon ii y aura lieu do tirer partie do ia protection naturelie dos structures. Ra
effet ce type do solution eat dana l'6tat actuel do 1a technelogie extrbmeuunt pdnalioant en particulior
cur le plan des masses.

Cos quelques considdrations pril iminaires permettant do so cenvainore do Is rdcessitd du ddvelop-.
pement d'un tel moyen d'6valuation pour aborder sussi raisonnabloirent quo possible co type do problhm.

,2. SC1H4ATISATI0N TMOR1W

21Objoctif du schdsa

11 conviont do rioter tout particuli-brement et de no pas perdre do vue quo is, schdmatisation thdo-
rique recherchie n's pas besoin d'Stre trds pr~cise pour lea trois raisons fondamontales suivantesI

a) L'application dans le cadre do l'mnalys" do sdounlit ci-dossus 4voqude do ce whhsm. no Ied
quo l'6valuation do l'ordre do grandeur du niveau d'rin certain noedbre do risques, 11 eat bien certain1 quo
tous loa riques doivent Stre relativement bien 6valuds. Compte term do Is multiplicit6 des dibris Incius
dana 1e mod,%le, 56 d~bris diffdrents rion quo pour 1e compressour. cubes et fragments do disque do chacta
des 1~4 4tages avec diff~rentes Energies, do Ia multiplicitd des cibles, critiques k enviae~r. do ia milti-
plicitd dos obstacles, parci do nacelle, intrados do vollure, nervures. extrados do voilure. parci, do Nu-
selage etc .... il conviont naturellement do sacrifier quelque peti Is pr~cision du schim h as. aiqglictd
do miss en oeuvre pour pouvoir aboutir raisonnablement & une Evaluation exhaustive.

b) Uas caractdniatiques des d~bris fournios par 1e modile no peuvent Stre considirdes cowme abso-
lument certaines. Il sest done tout & fait inutile quo 1e sch~ma sit tate pr~cision aupdriouro k @0110 qui
petit Stre accordde aux donndos du modkel et qui, dana l'Etat actual do nos coonaissamees, reot*eoxtremo-
merit modesto.

c) Eif in par nature les phdnombnes do perforation sent extromement complexes. 11 noun parait tout
h fait vain stir i. plan technique do cherchor AI analyser en d~tail tous coon phdnoin~ea dane tout*@ leura
gdn~ralit~s. Par example on sait quo lea phinculnes difflrent suivant Ia. nature dos corps on pr~Eence,

projctiesot rtruc tunes oti blindago. Noun prdfbrerons done d~velopper plusleura schimes simpies afaptda
hcwtcue do cos situations pitit8t quo do rechorcher tat schdoa plus complex* pouvant lea anglober toutea.



8.4

Par contreeles achiasa rotonus devront prendre an coupte Its caaatdriatiques ossontiollas qul
proviemoent du probl~mo poad par 1 '4ecatemwnt ncn contmenu do& motoura. Daux do sean caractiristlquea nous

* paralasent particuli~rement Importantea.
La premi~re oat 1'inaidence des trajectoiros pasr rapport aux atructuroa ou au blindag,. FA offet

* ~lea structuresa do lapparell aont souvorit conatituioa d'414..nta aucceosafe orthogonaux. Un cas typo oat
le aulvant t parol do nacelle vertical., iinrados do volluro horizontal, nervure vertical** extrados do
voilure horizontal. paroi de fuselage vertical,. Par auit# do I'cb'1iqu1,t4 ot do Ia diveraitd doe trajoc-
toiros an eat anen4 h conalidrer pratiquement toute Ia Zamm dos I .-,dvnces possiblos de zero h 90%,

La seconde eat. Ia prisentation de ce projectile h l'Impact ntur as trajoctoire. II oat Ind~nia-
ble quo le pcuvoir perforant d'un projectilie com~me tine aubo do rdact~eur n'eat. Paz le MOMe aulvant quo Go

* ~dibris se pr4sente h plat ou I& pointo en avsnt,. De ce fait 1e probl~me eat asaentielltenaft diff4rent do
celul porol aux armuriora par lee artilleurs qui sa'ppllquent A exoddier des projectiles pointuin axis ot
atabilIads sur loura trajectoirea. Il eat iI!:pllcitement admis dan.. 10 taodblo, quo chaque ddbrIa pout so
prdsenter sur sa trajectoiro do toutes lea fagons possiblos avec ls mime probabilit4. 1l oat done eassn-
tiel du point do vue des. probabilitt~s de tenir compte de cotto situation.

2.2 Schdms pour un blindage plastique

2.2.1 Considdration 4norgdtique globale

Les deux corps en pr~sence, c'eist-5&-dire
- 1e projectile conatitu4 lid par uno subs ou un fragment do disque
- 10 blindage constitu4 lid par une plaque avec 4vontuellement son support,

:pouvent 8tre caractirisda par lours .~nergles cinhtiques he et leura 6nergies Internas El. Olobaloment. 10
rr~nc!ipe de In ccnservaticr. do 1'4nergie permet d'dcr~re is. relation suivante ontre lea variations do ces
grandeurs en, re deux !nstants successlis e- plus part Icul1i-rement entre le d~b4-r. et la f In du choc

a E i4AE81.,At A tAe
avec l'indice B pour los caractiristiques du blindage et A pour cellos do 1'aube.

alobalement 11 y aura naturellewsnt transfert. do l'4nergic cindtIque do l'aubo Incidents
EXvers lea autres formnes d'6nergio. Cette relaticn eat 'naturellement trop ginirale pour 9tre d'une gran-

de utlliti, mais 11 semrble possible dana le cas present do 1'expliciter un peu plus tout en a.i sinrplifiant.
C=rpte tonu de !a nature des rnatirlaux en-pr~serice, il eat. raisonnable d'admettre quo lo projectile aso
ct'iporte conine un cerps rIgide Irnddformable.

La relation prdcidente so rdduit alors AL A 9 wA
..n ce qui concerne le blindago on pout cherchor it d11imer le terme 6nergio cmndtique.

L'analyse ultirieure ponrmettra de prdciaer ce point de vue.
2.2.2 Considdration 4nergdtique partielle

?4me aimplifido dans 1. cadre du prdsent probl;*me, Is relation 4nergdtIque globale pr'dcddente
est trop gindraie pour 8tre utilisablo. Pour progresser dans notre analyse, 11 eat ndcosaaire do prdciser
lea actions do contact entro le projectile et lo blindago au cours du choc.

La premibŽre hypot~hese eat de considdrer Ie blindage conwae hoinogbne bien qu'il soft constitud

d'une matrice de resine ronforode par dea nappes do fils synthdtiques. Pour ce faire 11 sera vdrfiiid quo
men!=3carct~I~t1qu3 d l'ubed'ue prt t qa daute prt e srucur- dordaeau do con fila eat

1stroe hcete chele.Dan ce cndiion Vabe pou pndtrer dasI lnaedolt rompre cog fila et
on pout admett~re quo l'dnergle ndceasairo It eat, du fait do Is denslt4 du riseau des fila proportiannolle
au volumo du crat~re sinsi constitu4 &LT. Solt : Stp SlY en nigligeant par ailleurs l'ef fort do pdndtra-
tion dana la matrIce do r~alne.

En ddaignant parWF Ie vectour uizitairo normal is la surface do contact S entre l'aubo et 10
blindage, par VA's is vitease de Is parol do l'aubo par rapport AL cello du blindage, 10 volume constitud
pendant I'int~ervaile do temps At eat dgallo ii , £1.f;VdS~t

d 'oti S

Si f' oat Is force de contact., son travail eat ausai dgal h dI3 T;AgdSat

11 en rdaultoe quo : f a p
Aurtrement dit. l'offort do contact eat assimld h tine prossicn conatante a'exorgant aur Ia surface do con-
t~ae* et. caract~dristique do l'dnorgie volumique do ddcohdaion du blindago. Lea autours du document AD 601-2Wj
("Study of' mechanisms Of armor penetration resistance" du Ballistic Research Laboratory d'Aborileen -
"Mathematical model for energy loss mechanisms In composite mediaw dos Dot S. TSAI et D. ADAM~) arrivont&
la m~me conclusion aprbta un examen visuol de I& surface dos crat~rea crdds dana des bliniagos do ce type.
11 y a lieu do noter quo cos phdnomdnes sont bien diffdrenta enstatique ou hL vitoaso lente. 14 rreasion
caract~riatique r, cot In contrainte do ruptu.re- dynasrique diffdrente do Is contrainte do rupture atatique
en traction dos Msi par flexion do la, plaque.

Suivant Is nature den conatituanta du blIndage, 1. rapport PIC~ 4volut entre 1 et 2 d'spr~rs
lea easala rapportdo dana a. document,.

En admettpnt cotta conception, Ia variation do l'4nergie interne do ddcoldAsion dui blindAge
prond done is forms : d4,54 -~,,.i~

D'autro pert., i& variation do l'dnorgie interne de ddtormation du blindage at do son inorgi.
cindtique oat 6gale mu travail1 desUrcol extirfeurea p.-nstar Is aurface do contact S du bWindage avee
l'aube qul so ddplaoo Ii s viteace V9 Aý dhwuhl.I C gt~d~



D'ob en aoiwnmt eed.) i dfsmta

Cr. Is vitonse do l'aube oat igalo h + V

dl' EI 4A i'A'S At

D'autre part pour l'aubo, on a de is ubte fagon : A F , " SA
Par 6limination do p, con deux relations conduisont h is relation 6nerg~tique globale du 2.2.1. Copondant,
cetto analyse a pormis do pr~ciner i& structure don ichangen 6norgdtiques entre l'aubo ot 1e blindago.

2.2._3 Schimatisation des caract~ristiques dynajoiques du blindago

Af in do poursuivre cotto analyst ii noun faut. maintonant exprimnor do faqon plus prciele les
caractdriatiquon dynamiquos du blindago qui pormettont do d~tormininr loa expressions do son 6nergie cin~tique
ot do son dnergio do dEformatlon.

Noun supposerons quO le blindago oat constitud par umo plaque carr~e do cotdn a siupiomont
appuy~de sur son contour aur tin cadre infiniment rigido. Noun supposorons do plus, pour no pan mulitiplier
lea caiculs, quo l'aube vient percutor 1e blindago on son centre.

Nous ailons chorcher & repr~senter Io blindage par we masse ponctuello iquivalente rappel~fe
ilastiquement ot plando au point d'impact. En no considirant quo is premi~re forme propro do cette plaque,
Is masse 6quivalernto est dgaie h : ? dD

en ddsigiant par M Ia masse totale dit blindage.
De Is rnme faqon 1e coefficient de rappel 4iastique pout Stre 6valu6 & :f

E ddsigtant le module d'Young et h 1'6paisseur do Is plaque; CC est une constante numnrique 0C.,3

Ces relations pour calculer)'p et f ne sont donndes qulk titre Indicatil' pour ddterminer
c'_-apri~s quelquos ordres do grandeur. 1l serait intdressant do les ddterminer exp~rimontaleinent compto
tenu des conditions d'appuio r~els do 18 plaque, dos caract~ristiques plastiquos du matdriau et 6ventuel-
lement on tbnction des caractdristiques do l'entaillo provoqudo par le projoctile.

2.2.~4 Formulation simplifi~e pour un projectile cylindrique

Consid~rons tin projectile cylindrique attaquant normalomont 1s blindago. Solt A is section
de ccntact qui est constante dans ce cas. L'ensemble des hypoth~ses faltes pri~cddenmont permot do d~crire
le mouvement do p~n4tration par les deux 6quations suivantes

- mouvoment do l'aulbe : i*.-upA

- mouvezoont dubl Indage +f p SA

on ddsign~ant par z le d'eplacemont do l'aube do masse m et par colul du blindago.

Soilt h lour ddplscemont relatif, c'est-h-dire is profondour du crat~re cr44 par l'aube
dans leoblindage:baI.

on a __'. +L

A l'instant initial h - 0 et h' - V vitesse dei'aube.L'aube cosse de a'enfoncer dana 1e blin-
dage lorsque h.C.On a done : IV2 . AI

.yIIIV pA(1,A. JI.d !Ldh

Si on n4gligo l'6nergie do ddformation 41astique du blindage reprdnentdo par 1e tense int~gral on obtiont
is relation approchde I 2

PAl 114)
Avant do g64 rliser cotte formule pour len applications en vuo, noun alions Is comparer

avec i& formula do TSAI et ADMJ dana laquollo K est un coefficient do forms qui vaut d'ailleurs I dans
1e can dtun projectile cylindrique & fond plat - h . _.: logc,.+!le'

KpA 2P
Los conceptions avancdon sent trds voisines des n8tres sauf en a* qul coetoerne l. calcul. do

l'd6norgio cindt~ique prise par 10 blindage. En offot, con autoura horivont quo le travail do Is force do
contact eat 4gal It l'6nergie cinitique prise par 1'dldment do volume du blindage aurmontant i'aire d'inmpact.
En fait nous pensons quo ceci eat Incorrect pour len raisons nuivantesr
I*1 travail do I& force cot 6gal it la variation d'inergie cindtique et non & itdnergie cinitique.
lei viteano do 1'41dment do blindago Wn'et pan cello do l'sube ninon 11 n'y aursit pan pdndtration.

-1 '4liment do manse Intdresan Waent pas uniqueument 1 El4ment au-dessum, maim tout le blindago eat entratnd
plus ou moins.

Il eat alora clair qu'en approximant 1e terms log (1+x) par x, 00 qul rovient & ndgiiger
106norgie oindtique du blindage on rotrouvo Identiquement is nume formuail.

L'Evaluation numidriquo do quelques ordrema do grandeur pormet d'alileura do justirier cette
hypothi~so pour los applications envisagdes.

2.2.5 Extension do I& mithode
Dan* 1. cas d'wi. sube d'wie g~omdtric en ddfinitive fort tourment~d*, on pout. dtAblir un

aritire tout uause simple. En erfet en revenant 1k 1'Equation do base on pout 4galement intigrer lorequs
1'aire do contact A seat variable svga h.



On a alors a; ,J dhj j
S p(1.__

o t le premier inembre n'eat autro quo I. volume du crat~re cr66 par l'aube si blen qu'en n6g1igoant 6ven-
tuollemaent 1'dnergie de ddformation 6lastique du blindage on obtient le oritz'ro a '0 - 112 mV2 qul
nous semble gd4nraliser d'une fagon convenable la formulo prdcddente. PF_

non ormle. Ceci pormettrait en particulier de traitor 6d~alement le cas d'une trajectoire IS Incidence

Erifin dana le cas d'uno aube, 1.1 eat clair quo lea forces de contact vont cr~or hgalenient
un oupe qi v enenderuno 6nergi: ein~tique do rotation de l'aubo. Ceci va avoir pour effet:d

gie do ddcchdaion, de ddformation ou oirdtiquo.

- o'umne o oued rat~bre pour une m de paissour travers~o car' la rotation induite va avoir pour
offo do ouchr Va staor leblindago, cequl vs augmenter Vl~are do contact A.

I* traitement complot du probl,%me vu sous cot anglo nous semble Sortir complbtement du cadre
limit4 quo nous nous sommesa fi~x:. Ndanmoins, Jo pense qu'il 4tait bon do pr~ciser lea limitations do cer-
taines approximations.

2.3 Schima. pour un blInclae an~tallique ou une structure

2.3.1 Considgration g~n~rale

Dans 1e cas d'un blindage ou d'une structure ra~tallique, le m6canisme des phdnoraanes de
perforation est apparemmwent tout hk fait diffdrent de celui avsnc6 ci-dessus pour la perforation d'un blin-
dage plastique.

Naturolloment les considdrations dnerg~tiques globalos restent lea rAmes. Nous adsiettrcns
4galoment quo 1e projectile so comporte cosine un corps rigide inddformable bien quo ceci Solt certairiomont
beaucoup moins vralaemblable quo pr4cddeamment. Par centre 1'expdrience montre quo dana los cas itudids, lea
d~formations du blindago sont rolativement. foibles, ce qui pormot do n~gliger plus facilement los termes
d'idnergie do d~formation 6lastique et d'dnorgio cindtique do ce typo do blindage.

2._3.2 Considiration dnerg~tique partielle

11 eat maintonant nicessaire do revoir les actions do contact ontre le projectile ot 10
blindage au coura du choc. Un examen visuel rapide d'un certain r,.mrbrc do r43ultats d'essais offectu~s dans
coo conditions nous a conduit ii admottre quo 1e m~canisme fondainontal do perforation oat une rupture par
cisaillement dynawmique. Co rn~canisme oat naturellement tout ht fait diff4rent do celui examin6 pr~c4demmont
pour la perforation d'un blindage plastique. Comae i1 a 6t6 souligad ab Initio ccci. provient do la nature
diff~rente des corps on prdsence.

Suivant ce point do vue l'effort do p~nitration est proportionnel h Vl'are cisaillio. Dana
10 cas d'une plaque, cotto sire eat proportionnolle au produit du p6rim~tre L de la projection suivant Ia
vitesge V du projectile on admottant quo ce dernier no tourne pas durant. l'irnpact. par l'dpaissour cisailý-
16e--, , e dtant l'dpaisseur do Ia plaque et i l'incidence de la vitesse do projectile, angle do cotte
vitaIlel avec la normale h la paroi.

Il convient do bien neter pour Iviter toute confusion, quo cedine veut pas dire quo Ia d4-
ch.'rore do !s plaque s'effoctoe strictement suivant le pdrim~tre. L n&est en f~tU qu'un param~tre d'4chelle.
Ceci veut dire en fait quo 1'6nergio do perforation sera finalement proportionnolle h la taille du projec-
tile et quo nous avons trouv6 conmmode pour caractdrlser Ia taille do nos d~bris do prendre ce paraaa~tre.

la form aIl en r4sflto quo Ia variation d'4nergie cin4tlque do l'aobo Jaoit poovoir so mottre sous

cc qui dhfinit un coefficient do proportionnalit4 'IS . Ce coefficient a lea dimensions d'une centrainte.
Neus l'appellerons la contrainte apparente de rupture on cisaillernent dynanaique do la plaque. Elie n'est
natorellement pas directomont li~e aux caract4ristiquos habituelles du mat4riau et doit 6tre ditermin~e
dans chaque cas par des essais aussi repr~sentatifs quo possible de l'ensemble du ph~nombr'.o.

Co sch~ma nous searble bien r~pondre aux objectifs gdn4raux expos4s ci-avarat. En particulier
11 prend bien on compte l'effot do taille du projectile et Vl'efet d'incidence. 11 y a lieu do noter quo
pour am projectile aphdrique, 1e p~rim~tre proJet6 L eat inversoment proportionnel h cos i, ce qui n'ezst
pas vrsi lid pour one aubo do forme comploxe, le contour apparent so modifiant suivant la direction do V
dana l'aubo. On retrouvo alors dans ce cas l'effot d'incidence en cosintis cube de Ia lel do Smith, ce qui
noos paratt Otre on receopoment intires.-ant pour Justifier cet aspect. do is formulation prdisent~e.

2.3.3 Extension aux structurea

los structures avion sent censtitudes bien souvent do plaques munies do raidisseurs, Solt
ebtenues par un otainage dans Ia masse, Soit rapportdes comic des corniVires. L'6nergie do perforation do
ces 4dldments no pout Stre ndgligdo devant cello do la paroi proprement dite au momns pour les plus impor-
tants d'eratre eux.

Pour ces 6idments l'effet de taille n'est manifostement plus roli6 directement h Ia taille
des projectiles al c0 nWest par le nombre d'entre eux qui. doivent alors laisser le passage aim projectiles.

Nous nommes donc amends hi relier cot effet do tatlie h colic do raidiuseur. Nous admettrons
quo la rupture so fait suivant Ia section la plus faible, c'est-h-dire la section droite Sj do raidissour.
?lous conservorona ndannaoina l'ofl't d'incidonce en prenant pour section cisailide ir j dna1 a
ou 10 tir oat dana la direction du raidisseor. toss

Do la mgme fagon 1e ddplacernent do l'effort do perforation eat ramnaon A Is hauteur cisail-
ide h'j. Dana 1e eat; ý"un raidiasour do section ~ctan pare, la dimension caractdriatique oat
choisie en renction do colle du tit', on a alors : .1 r ,. solvant l'orientation.

tol -Sri
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Ces considdrations flOUS conduisent. h gdndralin.,r notre formulation sous 1a forms suivant,.:

AE~.~~j UjSh
en dtendant la sommation J hk toun les 46imrents de rent'ort do cette nature interposdos sur la trajectoire
di, projectile.

Pour on ni~me mat.~riau le coefficilent rjn'est pas forcdment 6gal It S car ii inolut uric
schdmstisation des ph~no.-n~nes de rupture qul ne peuveni. 8tre Identiqujes. Il serait cependant extr~moment
difficile de pouvoir d~terminer ces valeurs expdr'tmentalement. et nous admettrons de orendre en premizwe
approximation uno valeur unique. Nous obtenons alors la formulation ddfinitive suivante

11 y a lieu do notor que cette conception de ddcomposition et d, sonination des 6l6ments
n'est certainement pas tr~s justifiable h prior!, le m6canisme de rupture d'un ensemble d'dldments poiivant
8tre fort 6loignd de Ia superposition de ceux des diff6rents comnposants. Ctest sinsi quo pour on raidisseur
int~gr4 nous avons admis qu'il y avait deux sections j cisaill'-es alors que pour um 616ment disjoint nova
n'en considdrons qu'une. En effet dans ce cas nous estirnons quo le travail do d~formation de cet 614ment
pour livrer passage au projectile apr~s rupture suivant une section n'est pas trds important via it vin do
lt d6nergie de rupture d'une seconde section.

3. AJUSTEMMIT EXPER~IMENTAL DUJ SCHEMA

.1Objectifa

L'anslyse des considdrations th4oriques no peut quo nous convaincre do la, n6cessit4 d'une justifi-
cation exp~rimentale do coin sch~mas. En c~utre, chaoun do ces scN~mas coniporto uno caractiristiquo dent Ia
ddtermination exp~rirnentale est n~cessaire. Tout ceci doit naturellement 8tre r~alisd dana les conditions
lea plus rialistes possiblos car la simplicit6 voulue do ces sch~mas Interdit naturellement toute transpo-

sto.C'est ainsi quo cos ossais ont 4t4~ r~alisis avec des tirs d'aubes do r~aoteur. II a it6 possible
d'explorer enti~rement la plage des 4nergies couvertos par les edSbris du niod~le h Is seule exception den
tiers do disque do turbine qui so trouvent. avoir un niveso d'energi& do deux ordres do grandeur supdrieur.

Les tirs ont 6t6 effectuis sur
- des plaques do matdriaux divers pour la recherohe des blindages,r - un caisson do voilure de CONCORDE tr~s repr4sentatif des structures avion cunsidr4eds,
- un 616ment do blindsge mont6 sur ce caisson pour 1'dtude des probl~mes do fixation.

Les essais sur des plaques do blindage en mat~riau plastique nous cnt rapidemont conduit AL aban-
A donner cette solution compto tenu:

- des performances do c-c type do mat~riaux dans coin conditions,
- des problhmes do fixation do ce typo de blindage sur la structure avion,
- dos contraintes d'encombrement.

C'est pourquoi nous allons maintenant nous limiter uniquemont & is consid~ration do blindage et do
structures rnetalliques. Nattrellement oes conclusions sur 1e m~rite des blindages plastiques sent toutes'
relatives et provisoires et nous souhaiterions bien s~r quo 1e d~veloppement de mat6riaux nouveaux nous
perrottent d'ar~liorer ia pr4sente situation.

3.2 Moyens d'ossais

Ces essais ont Lft6 rdalisds par le Centre d'Essai Adronau-lque d,ý TOULOUSE. Le moyen do propulsion
oat un canon & air comprimd comnprenant un rdsorvoir de is', uno vanne hi ouvertore ranide,une culasso et unt~ke
do l2ni do long et 15rMn do diam~tre. Pour 1e tir los aubos sont enrob~es sur une partie do leur longueur
dans -. ' cylindre do polystyriene expans6 de cc diairktre. A is rortie du canon des couteaux sent charg~s do
d~chiqueter cet emballage.

Avant 1e tir chaque iývbe oat pes~e et son positionnemont repr4r. Le diamý-tre du canon no permet quo
los tirs; axiaux pour lea plus grandes aubes. C'est pourquci is quasi totalit6 des easais a 6t6 r4alisde
dans cetto configuration - is plus d~favorable - Cependant pour les plus petites il a k64 possible do rda-
liser des tirs sur 1e tranchant no h plat.

La vitesse do projectile L. ls sortie du canon oct mesur~e par on systbme classique. En eutre, il a
dtd instalid une camera PASTAX AL grande vite~so do prise do vue (8 000 images/seconde) pour pouveir obser-
vers l'inipact du projectile, as p~ndtration et 4ventuellement as sortie. Une base do temps s'inscrivant sur
le film permet 6galoinent do d~terminer is vitesse du projectile h l'ontr~e et A la sortie. Le fonctionne-
mont do cette camdra ert aynchronis6 par Is s~quence do tir. Maiheureusement, lea conditions d'essais n'ont
quo rarement penmis do tirer partic do cette instrumentation dent ls mise en oeuvre s'est r~v~l~e plus dd-
licate quo pr6vue.

Par centre, is muss en oeuvre du canon s'est r~v~lge excellonte, les vitesses d~sirdes nyant teu-
jours 46t6 obtenues. La cible est plac~e vorticalemont devant le canon. Son orientation permet d'obtenir
to-is les angles d'incidences. Enf in one enceinte do protection permet d'6viter 1'endormmagement des ins-
tallations environnantes et do r~cup~rer los d~4bris apr~s chaque tir.

3.3 Analyse des rdsultats

Noun avons analyc6 globalement l'ensemble des r~sultats d'essais obtenus pour des tirs cur des
plaques en AUMMN6 et cur Ie caisson do voilure. Pour ce faire neou avons reportg dans on diagraimno lo
r~sultat, observ4 do Is perforation en fonction do 1'6nergie cin4tique initiale du projectile et den pars-
metres do similitude. Le diagrsnwne sinsi obtono ost repr4sentL& sur la figure 5.

On peut dintinguer tr~s nettemont trois zones:
1) tUne zone h erande dnerrio oai l'aube perrore et traverse ia paroi,
2) Une zone h basso dnergie no Vab eat contenue et ia paroi n'est pas perfor4e,
3) Une zone interm~diaire dana laquelle on trouve simultannment des tirs do Itun ou do l'autre des deux

types prdc~dents sinai quo des tirs pour lesquelles l'aube a 6t4l contenue main ia parei perfor~e plus
ou moins gravoment.



L'ansemrble doe can zunes so trouve fan ilemont lhaiti par des droites dont l& pents fournio in va-
leur de :~constants f du soh~ma. L'dventall conatitui par i& zone intornm64iairo xeprdaento Is pinge d'in-
cart [lode Sill' la valldit6 du achtdma vt la valour do Yj 11i y a lieu de noter quo i'exintenno d'uno tolls
p1:jge di'noertitude noun samblo bien naturello du fait

1) De la disperstion naturolle des plkiinorknoa de perfuration ampiifldo Icl par l'hdtdrogdnAit6 do 2'obata-
ole et, Is diversittd des projectilesa t der, conditions de t~r,

2) De Is simplicith du achdma examlnd qul no pout naturolleomnt prdtendro tenir compte exactooiont do Ven-
Lembie doei phdnurmknei' mls on jeu.

Onl observe ainsi entre lea valeurs extr~mos do 16 recuuvrant cette pinge d'incortituda une varia-
tiori de 1 ,nzIre d,, I it 2. Pour appriL'ier cette Incertitude 11 uonvient. do fluter:

1) quo In variation due ii l'ezet d'incidecne dans la plage uxplor". eat de l'ordro do 1 it 6.

2) Q~u: la variation duw It l'of t do taille den prujectliou oat do l'ordre do 1 It 10.

11 en resulto qu'au moins on ce qul concorne con deux ofe'tst fondainentaux 1@ ach~ma propon6 trn-I

dolt de invull si~iificative ao m-in 1 'ordre do grandeur de ceo phdnom~nes.
:i a tidi Pructiddt: une a~nalycýeolsmilalre p~twu'.iparement, lea tirv sur lo caisson de vollure at

01?QY 1;L11 1(':. 11o1Mo Ii'leG. ii observe le m~nie nirul tat cit les valeurv uivyennes du coefficient '6 qul
peuveri' P, i- d.~duitez stonIL idewniques At 1 lib prb'a. Ceei nous permot do justifier an premi~tra approxiimation
in nc1,6matlsaat n que rinus avnOru aduptdo pour lea structures coumplexos. Do i'analyse ddtaiilld do chaeun
de ce.o 'Ito Ln Deut oxtrasire par example lon renurquon LUIVaniOUn pfirticuli~rement aignificativoo

a) ,I~et d'incidonce - C,,mparaiezn den tirs n* 46 at 50.
Le projectile eat le miru. sube de 7e 6tage lancdec axialoment talon on avant sur une plaque do Barn
d'AU2ON11., i,'dinergie de con prujectiles act pratiquemont. Identlque 6(.0 et. (663 lkgi. Par, contra, Ilincidence
den tirs est dif1idrunte reripectivemont 25 at 55% iLe premier perfore Is t8ie at i'aube pasno au traVet's
ai.~rs clu' ie secondr tir eat arr,2t6.

b) o?'et do pr~aenta'.ion - Cumparalion des tirc 50 et 61.
11 s'n.g1t toujours du mr~me projectile at de Is. m8me cible. L'6nergie oat volaine t634 kgm. i.'inuidence
eat in neir a 55. Par contre l'auibe est ruaintenant lan,49 lame on avant son axe faisant on anglo do 30'
avec Is direeiluon du tir. L'aubo oat arrittdo no laisnont qu'uno idgreo omprointe dona i& tale.

c) !et dynamique - Cas du tir 48.
I '&Vit encore du trigme projectile et do I& mime cibli . L'4aiezii. wat, tooujuur du mime ord~re 615 kgm.

LlIncidence ec~t do 25'. L'a~ihe eat prdocntde c-*, c uý ., t.... ýt A I 'Impact i'aube ayrant touch6 Is
plaque par le bvut do la lame, elle a'Oeut ro.;jo-6d our *ile-mome pour vonir a'arrlteir i piat aans Is
perforer. CodJ i.uus nombie illuatrer l'ian des nombreuax phdnumbnes annaxua qui expliquont, l& dispersion
naturelle des r*'nultas _bfiervds.

L'ensembie do can easelsn ofioctuda avoo I,& mime prrojectile ayant une dnergie pratictuamant constant&
* ~e ou.nr Ia mime cible ddmontre parfaitomont par Is divornitg des rdnoultats Is complexit6 des p~nomin~re. iLe

nckidma Lrd~i sinmple conaidiri pormet manifostoment do faire rontror I'onenseio do can phdnoobknes dons un
cadre aulfiaammoent r9streint pour 6tre valablegrent utiliad At I& ddterminntion des objeotifa quo rious nous

ma roInta propostia.I

L'6lnboration d'un sckidmm plus compleae pouvant riduire do fagon aignifiaat~iiv I& merge d'inoor-
titude rdaiduoile noun paralt Itro une vcle qui. no poor. Idbouchor raisonn#aklmlavnt our une mdthode of flecec.
Ceci nlexciue pan natur.-ilement do pourauivro lea d~udoa tonouumintalon done cotte vote pour in oouprdhen-
3ion den phtinumbnea at is recherche do maillourn matdrinux do blindAage par examiple. Nouna disons simplemerit
que ccci sort du cadre de non prdoccupatione techoniques actuellea.

Four ddrterminer lo niveau de probabiliti de perforation 11 conviont do rotenir Is velour moyanno
* do IG . Cvct conduit ii eatimer Is valour noyeonne do cotte probabiliti. C'oet I& valoeur In plus probable,

u~' encore do point do vim &tatistique Ia meilleure estimtation qui puisEe Stre fait&.

A co stade ii. convicrit encore de rejeter la point de vito ditorminiate qul consistera~it AL prondro
uric valeur do t plus faibie asscole &c un degr46 do confiance supgr2~eure A 50 %. Ceci conduirnit h Avaluer
on niveau do probabliit6 do perforation aupdrieur qui no nomait pas I& moileouro estimation main mne borne
-updrieure aosucido a un degr6 do confincin sansa signification du fait notan-cnt do labsence d'eiileurs
bien comrriprhonnible d'information analogue cuhironto pour 1e modiloe do base.

)~.4 Obsorvatiunro oomplimentairon

Lea essaiv eji'cotuis our is caisson do voilure ont pormin do faire un certain nombre dlobaarvaticns
complimuntairen.

a) Bn ddpit dsdgt parlisi importants imposesanucaisson, sardoiutano. structurstle Intrine~que no pa-

alora doenviaager at do rializer I& fixation do blindago do protect~on itur lea points forts do in struc-
turo. Des oosain ultiriotarn ont por'min de nuttre au point at do Justifier coo fixations.

b) 1T'exanion des perforations succesaiveoi montro un. ddtioxion nigligenbi. den trajectoir s. Cool1 parmat en
*'%rticulier do justifier Int notion do volume critique introdulte a priori ao ý 1.4 et do simplifier nota-
blo-ent Janalyse ultirieure.

c) A i'impot on observe gindra~emont qu'uno rotation snsez rapide eat commnariquis ao pronjectile. Pour in
phase pr4Addont Is porforation coci rend cogapte coomma noun lnvons vu d'uno part do 1La dispersoin asan-

* . old. & ce phdnom~no. Pour In phaso apr~a perforation, on pout noter quo l'dnergio cindticiue do rotation
ainai conmmniqtade It Itaobo ot nuffissnuaont faule pour Otre nigliado dovant cello do translation mats
quo coo, asnuure tdenmoins uric prdfontation aidatoire indipondarito do projectile our i'obsatol* suivant.

'4. UP) LISATIUN LAi SCHEMA

4.1 Diterminationo do i'6norgie do perforation

L~e schhIDL pormet d'6valuer lidnergio niceenaire At in perforation pour uni ddbris donnd en fonrition

du pdrim~tre de In section projetde. Cette valour dipond do ha prdaentaticoi du projectile our on, trajeo-V

J
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toire. E!n accord aveci, led kiyptdt~sr du nudi-ýle at lea coristations axpdriaaeritalou prd~coddntca nIoun avolla
admis quo cotta 11rdisonttation est a4altnira. L'dnorgia de perl:'rstlon so prindarite slurs noun la form. doune
variable ala~etoire dont flUoS muona u4teraniner is distr-ibotiun do probabilitdi.

Losa projectiles ocnnlddrodn ayanit des Itrmen rolativeanent cuspiexas. one i-epi4aentation smaple eat
cbteaioe par unl dJCtoupfgt eat laces ta'langula~ires. Ls prdciaiuft rscherchito n'dtanti pan teds dlevde. it nonabre
rclstivamant. resta'einy, de facatten nol'1it. Leis Figurer 6. 7 at 8 illuatrent one tell& rcpr'deentation pour
l'aube do icr 4tage do compresscov basso na'resniirt vue par 1. jvviiit, star le trenchanta. t At plat.

Uric r~itaatiora den, v~,rdurto-eu perriLacnlaurý do lurmer h ce projectile one prds-entation quaioonqtae.

tiuai perret. ensuite de Jcitcrmincr le cotot(ur cxtdrieur at d'on d~ddoir L.

On pout slurs ddtarrinier l'6nrierle dec per-foratluri a. dtablir la atatiatiqitc correatpondantc. On
oUtr lnt sinai

- Is prcbabilit4 p pour quo 'nri oiear i~npefortin de-, I& paro xiiita m , gaeAun
certainoo vsleur k.. I~iri icosr tl oi .si omm e~ 0 A01

- Is dcrisitdi do nrobabillte gui dorms Ia probsbilitd dp pour quo 1'docergic ndccbasira ht is perforation
du L'lindage tault evinprine entre E. et E + dL..

Les Figuaen ki et 16ICicctrent ht itre d'exemple us genre do rdsoltat pour Is perforation do la
pantA d'nlrradus 1-vone sobe do ler dta&!e do comraapnuaiar bassoe preassuor Insue do arateur I en direction do
Is nervure 12. Cccl p;errnat tie muntler quc Jes projectilcu die cc typo! ayant one driargie inf~rieore it env-
nat 1 2t7- kgrr' pwir co tin tnt une probaibilILd rigllgeable do traverser cotta parul. 11 y a lieu de noter4
Ilaftaleentn cnnlid6rable des 4inergien, dwms tin rapport de 1 It 20 cc qol trsduit uutre llor'ta do prdoisnta-
thin de cette au"s l'h4tdnugdnditd irspontante do i& structure do oetta psnoi. 11 en rdauite dgaloaiwnt quo
Is doivisticat aaxirtale des ddbrin de cc type apn4s peritratluri do cette parol sant r~ddite A 18*5 Pour lea
d~bbis A 100 % d'dnangio oet I 13*5 pour cewa It 55 % so lieu do 30@. Coci r~ddit d'aotant le volume critique
ata-deik do ariae peril at ponnat td~jh d'himiner is o.;nuiddnatioua do cortains riaquera.

4.2 W4aermnination do Is rnuvbstiult4 do peri'orstlon

eletsea p11(EIis ti~otribut1r-n de orbbft n fcnction doe l'dnergie des projectiles do faisceso in-j
e'e*conf:1d1r4. La tiernit6 doe! pr bah~lflA p2(E) de 'i'reargie L. des projectiles do faincoso imargent eat
Culepar le jou~duit tie u(nvoutution

piE1) w (~rEEI V~dE'

?Jsturcllarlerit. lea b,-rrter d'l1W.tgratluitn soot a~duites ht cellos do Vi'itoraeotion den euppurta bun-
ni na doll. ilstrlbutxonn P~ic LP'

Lea driergie'i E n~gativen correspondent it des prujactilca srrntda par i'obstacle et on a di cc fait
dens ie faisueso dasoergmnL () _C1.E p Ed E

Pour- Etocndant vera; l'intinI, Is. probabilit4 p2(E) tend vera uric veloui, conatante p2  Iirifdiere
00 Again 1 1 qot eat Is pnubabilits moyanine de passage den project~lus do lionsembie do fisiceau conoidiro5
Ittravera oet obstacle.

M. is potuonn distinguer trts cas solvent la nature de is distributionl P1 I

1) Thius lea projecrillco incidvnit; ont is an~aaw drergie E.. La denalt6 do probabilitd p~ se r~ddit & one

distributio)n or tirate coricentroin ell E, . On a slorsa

4re (E-EE)P.(E)E W l-

11 y a lieu de rioter qua :ctcLt nuuvlile nidpartiAon sot largemonr. ital~e do Lo - Qýx Lo - Ltmi en
daaivismt pa&r 0

q*AX et, 1ilro Jezo Anergtoa rnaximnlea et sinimalen da penfuration.
Ii en rdeoite quo ccu jonro tl'hyputhitse intnodoit~e dana le aaodbie no prarit pa. c-)hdrent avec leo N~oul-
tata do caitic anialyse. Ln felt, 11 a'agit d'ono hypothcbee trop ddtcrminmsta pour nacoovrir is saultipli- I
(liti do la iidolItO,

2) Los projectiles ont uric Snorgie aupponode d~qoirdpsrtle entre deux limites Itj et E2.

On a alora p',....... t par la suite 4 E p .L. [ (-E-
EEQ2EllE 2 ~ f &)-Pý f

Cotte distribution eat ditaldo do It1 - k4pAx hL 1Eý - ESmin

3) La distribution P ant quelnonquc. Coast c* qul. se prodsente api-ba perforation d'un premider obstacle.
Le produit do convrlution oat sumr 6valu6 noaaadiqoeanent de procho an proche.

A L~tre d'excanplo, noon presontons los rdsoltats solvents poor Is ddtenrminatiori do rinque do pcerTo-
ration do is nervuro 12. par one aube do lcr 4tago issue do noteor 1 apr~n travereoko do l'intradca de voilore.

- Canl d'ons sobe It 10(, % dl'dnargic - Figure 11. Ia probabilitd do perforation eat do 8%

- Cas r'one auhe kt 6nergie do 55 A, 100 % - Figure 12. 1La probabilitd do perloration oat do 23 %. 11 &',-4it
d'om tir sans ddflection. P'apnl~s la anod~la l'dnengic des ddbrj.. dui ce type dcrcoit ayes ia difiection
coan., noun i'avonu indiqu4 - Figure 3.

On effecton done cc caicol. poor diffdrante deflection. Pour Q - 5' 1a probabllitoi de perforation
ri'eat plus qua do 9 % - Figure 13.

Cosapte tono do is. pnubabilit.6 do ddflectiot asasocide p0 via petit sluri; doterrminor Is prubabilt I.L
n.',yurawa do panforatin pour I 'criaebie de co type do dibris.

Figure 14 - Cotto prrhabilitd oat do 6 %
On traite do ar~ao I@ cats do l'aobo A 55 %C d'inangie et c1

ado 0 kt 55 %



Oin obtient ainsi pour chaqua type do ddbris
- Fragment do disque ou aube h IUD % 38
- Aube od55 X1U(, 6%
-Aube &55 % 0.7 %
-Aube do h55 % 0,1 %

On pout alurs ddtermLner par Simple L.!M1&til*.1 I* risque do perfor,~tion ansscii c haque type de

S - Type do pamo' 6 - 1 i'ra~nnt do disque
I aube do 55 h R(A) %
2 aubas do U155 % 44 %

- 1rype do panne 7 - 1 aub. do 55 11 lCL
I aube cs L .55 1 6

- 1lrpe do panne b - I sub. & 55 % 0,7 (

La sormnation ponddrde de ces valour, par I& fr~quonco relative do cegs types do panne d~terminin 1o

risque global z 2,2 + t,,3 +- 0,1 2,6 It.

L'examun do cotte ddcompositior. porrnot de so rendre compte quo I& quasi totaliti des rixques pro-
vient. de l'djection do fragment do disque. LaM mucklo propood n'ert dunc pasa hcjo~g~in at pourralt Itreocunsi-
ddeablement simplifid as qui loin do nuiro iL l'anlyse do shouritd p,'rmettrait do I& clarifier notablemont.

Pour continuer ii faut tonir compto do Is prubabiliti gdomitrique dtijootion dajis Is direction do
Is cible. Un a ainsi par example Pq - ) %. Le risque associd meat done do U.t.M %.

in~ oflet**tant uno ddtormInat~ion analogue pour 1 'onsambe*. dos ~4 moteurs ot. dos 14 dtagea du compres-
sour il pout 8tre 6iabli que Is risque de perl'oratiun dam nervurO. 12 ou -'I eat do l'ordre do 10 -10 par
heur*s do vol.

Un tel x'dsultat permot slurs d'itslrer un jugoment objeotif' aur l'Intdrft d'un blindage de protec-
tion dens cotte zone piLar rdduire do Vagon aignilIioative cc rnivoau do risque. Naturollemmnt wie tells ana-
lyse oet & offectuor simultanz-ment pour l'onsomble dos risques do fagun 4 fairs rebsortIir lea didmonts
essentials pour joutvuir porter un jugement global.

5. !''PBYc'r1VES

Neuu vaninn do voir conmment le schdma propuld pairmet ii partir du imod.~l d'iolatemon'. Vourni par 1.
motorliste do ddterminer 1s niveau dots risques asaioiso.

Cc sch~ma eaot vulontairoment ausal simple qire puialbie. Cumpto tonu don objectifs visda ii no noun, see-
ble pas zcuiraitable do chercher & l'arilioror co qul no pvurrait conduirs qu'JL des complications inutilem
et rapidaniont Inextricable&. Par, ountre noun ponauns quo Is typo do modbkro utiliod, bien quo parfaitement
convanable car il oontlent toutas lea informatiun. niceaaairoa. cc qui W'est oertainoment pas ddjhk un mince
travail. Zaj~oralt nd.njioina h &4voluer dane 1. sone d'une plus grand* simplicitd. L'analyse do odouriti
astioclie y gs~orait on clartA sons porte do signification.

Inci'demment ;I. convIont do muggdrer 1'utilination du achdina propos4 pour diterminar h6 partir do l'exarnen
don dga&tE prov-,qudn lure de tael phhnoi~naao l'ordre do grandeur do l'dnergin des ddbris. 11 y a ILh certai-
noerrnt une source d'itifornmtiuna des plus utll4a p',ur* 4tayer lea hypothZ~aos roetnues our co point lora do
I'41ahboration do tnod~le da co type.

Lnfin 11 conviorit de rnoter (qio l'onaomolh don protections do typo aotif, c'est-k-dire do blindagon,
reprdsont.o pour COCURCMW une pdnaliit do mass* do l'ordro do 600 Xg. 1n fait, compte tenu do to'ut.. lea
protections passives 6galernent adcptdosaet bien qu'un bilan exact moit fort diflicll hI dtablir, c'oct uno
pgnallt~d giobal@ da l'ordrL disie tonne qu'li fwat censi66rer.

L'Iniportance do 00n chit'!ris qui traduit utro souel do Is edcuritd cur c. point noun Iumpose do reobor-
cher don aniliorations 4 cette situattion. Naturelleossnt coal conduit & puursuivre les reaherchem do matd-
riaux at do ounception do blindage, pl"~ efficaco.. lWai sianultandwent onal ounduit igalement & rovonir &
l'origine do ceo phdnotr~noc et h so domindor si des protections addquntes au niveau don moteurs no s"relent
pas on dhfinitive mains pdn~alisantes au nivosu global do l'apparell.

Si do toll.. p~-otections pouvaient Stre traduites par des modifications sinifilcatives du mod&le d'4cla-
toment, 1* sch~ma. propur4 dovrait alors permnettre dbdtabllr our don bases auami rationnolles qua possible
un bilan global do Is, situation. Co aobdes dewvrait done pouvoir so rdvdloe Stre un instrument valable pour
faire progressor non conceptionr. dons is cons ri'una plus grand*o ffioacitd at dime meilloure mdauritd. Je
pence qu'alors ii aurait pleinaennt atteInt msu objeatlfs.

A.I '
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SMAURT * -

Structural impact damage by non-contained engine burnt debris has become of in(reaaing importance
for the aircraft designer in view of the number of serious incidents to large transport aircraft recently
experienced. This has occasioned the publication of the new British draft requiremnts on "Non-containment
of Turbine Engine Debris". To date, the effect of and resiteance to such damage has not st beome a
part of the major design disciplines. Thw paper outlines the requirements and the specified acceptable
levels of risk as applied to a large subsonic transport aircraft. The resultant damage forms are discussed
and some teat details given to illustrate the problems. EaaPplf of engine fragment dl, zmage potentials are
given with an empirically based equation relating fragment energy to target resiatwucA i'Or light alloy,
titanium and steel targets.

Finally, two t • pti -)f design solution ae discussed an applied to a large subsonic Jest tranport,

I. Britiah Draft Airworhln~egsRenuirementa

The problem or non-containment of engine burst debris became significant to the aircraft designer

with the Introduction of the gas turbine engine. Recent experience of an increasing number of
serious Incidents has led to the formulution by the CAA of paper No.513 "NON CONTAINEMNT OF TURBINE
ENGINE DEBRIS". This is now In itt's raft Issue 2 form and sets out the proposed requirewents aimed
at alleviating the disastrous effects of the resultant. damage. The essunnne of the paper it contained

in the following extract t-

I .5. 1101 WGItRGY ROKTOPS - NON CONTAINMENT OF DEBRIS

1 .5.-.. 2A RBI1L MOPJLSION ENGINES AND AUJ&LIARY POWE UNITS

Unless containment of debrls is assured, design precautions shall be taken to ini•r•se
the probability of catastrophe being caused by non contained debris in the event of an engine
rotor failure.

The requirements go on to emphasiso the need for "maximum protection" and defines in rather
broad terms, the acceptable levels of risk related to selected debris forms.

"Maximum proteetion" entails (a) an analysis of the complete A/C design, including all essential
components and systems to establish the single and multiple failures resulting from non-contaiment

Wl e..... hew. et"ti-phiv 4 qndea and (b) io inaerpre"Lion of the amLUsio results to
determine the chances of a catastrophe, The requirements list 3 levels of risk an follows .-

Debris ejected Aooetnls risk of Ang•_•ar Mas1A-resultant.

a as G; *75
(i) Jingle Nraffant Not more than a + o30 rd of

3rdi 1 .in 3 chance Bladed disc

(ii) Multiple Fra ters Not more than a + 30 " each
3. - rd discs. I in 10 chance

(4i1) Pieces of Rim Not more than 4 +* 5 ¶/10th of

With Blades2) I in 100 chance bladed dims.

"The angular ejection probability is taken as Identical over the 3600 arc of rotation and the
debris trajectory is tangential to it's C.G. radius. FIMM I shows a simplified interpretation for
one case - dmage to the Fuselage.

The range of conditions to be covered by the analysis includes the following t-



(a) Davage to Primary Structure and airframe surfaces (e.g. lose of structural strength including
resultant deformation affecting aircraft control or operational range).

(b) Damage to other Engines, Services and Equipment, i.e. flight and engine control syatems, engine
fuel supply isolation valves and their control.

(c) Penetration of fuel tanks leading to fire.

Md) Effect of release of large mass of fuel an aircraft handling characteristics and range.

(e) Incapacitance of flight crew.

While this summary has covered i equireeents which are currently only, In draft form it semws
likely that it does give a good indication of the type of requirements with which the designer will
be faced. It is apparent that some formidable new problen. are being presented to the designer.

2. Damage Forms

The types of damage resulting from engine debris impact on normal aircraft structures at or
near the penetration velocity involve etniificant and frequently extensive deformation, tearing
mnd splitting of the structure. One major determinant of such effects Is the debris impact velocity
which can be related to the rotational velocities of the engii.e compressor or turbine.

Now the blade tip velocity will rarely exceed 460 m/s and consequently, a major frapnti such
as a whole LF compressor blade, would have a CG translational vetoclty of approxirzately 300 m/s. A
brief survey of the gas turbines in use would show that the impact velocities of such major fragments
generally range between 150 an1 300 W/s while smaller fragents such as turbine blades may reach
L00 m/a. This suggests an Inv roe relationship between debris slae and impact velocity.

Figure 2 illustrates this relationship.

Unfortunately, most of the tent evidence to date is of 4( military origin, nevertheless it in
significant that this velocity band is shown to produce the maximum damage levels.

Reference I indicates that the maximum lateral damage caused by 0.3" and 0.5" ball erununition
occirs etwen 27C.' and 5L') n/s depending on the argle of impact.

RMference 2 Indicates that the residual strength (f a light alloy paiiel reaches a miniiaum at
app~roxately S zr/s impact velocitý

Deoris at velocities below 150 m/s will also, of course, inflict significant damage. Recently,
a test bed incident demonstrated the teed to protect the engine intakes of a large supereonic transport
aircraft against •mpact by debris which could be ejected forwards from the engine face at velocities
of around 60 M/s. Ibis deb~iv was in the form of blades weighing up to 2J Xg and, although the
trajectory was le-Is than JU to the target plane, they penetrated up to 3 layers of 1.643 fabricated
light alloy structure ,,nerging with ,u'flcient residual velocity to damage structure outside of the
intake altogether.

jF e .o shows the typ" of darug-, experienced on a typical spcimen from the resultant test
progrD. i-1.t.vere "petalling," and "splitting" are clearly seen.

As an example of the magnitude of the problem facing the designer, it, is worth noting that the
total number of test firings required to enable the above aircraft to meet the draft 1ss_.. I of the
new requirements (rather luin :jvvere than the presf-t inuue 2) exceeded 150.

It is conceivable that if an established analytical method had been available, a large
proportion if not all of this tent program could have been climinated.

At present no generally applicable theoretical approach has been evolved and, in view of the
m=Vy variablis cuncerned, such a technique may well be impracticable. Howver, with increasing
numbers of tests and actual incidents name derivation of empirical relationships should b-, possible,
which equate damage form and extent to projectil" size, orientation, velocity and target material,
form, stiffness etc.

Figure 2 lists the variables about which data are required. It in unlikely that data collation
alone would provide sufficient basen for such relationships. A program of specimen testing vould
doubtless be necessary to fill in the numerous gaps thnt must exist and to define the boundaries
of the various equation:;.

One such an equation has already been derived from the test program mentioned earlier. This
is des-ribed in th- following n;ection.

J. yragment DWAMae Pot 'ttial.

An Impre r ,ion of the d.structive capacity of ths debris forms referred to An the Paper is given
by F1 Here the fragnent energy on irpact iz plotted against the weight of target material
requiTre.T. contain the fragment. The curves for .1 target metAls and 2 angles of trajectory are
,'rsiwz from the empiricul relatlonship a-

SL. t'.
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ait'rey abuorL&,d by peritrnrtioii Lo1 thee tar~get

L . iart ery of the: projected surface of UhU fral.Tiont at impact, (Assureed constant at bOO mkie

I for d1 discr. a,d 1k)o mm for rim pieces zend blade).

- A;glv of Fragr~ntai Trujuctory to the sozmaJ. from the target plant-.

S'rw f~et points are Included indicating that the rulut.Acrship is good up to an energy level
31, Id" K#;M. Above' this point tho msassi~ve fragrient onorgy involvod iii tenting would entail a fl
ordier of Increase in test rig comlexiuity aind cost. Also thee problem of' simply how wild to what to
IfttatCh thV UrrIOUr assumeS iijnidertble' sienil'iciuice, tile daneer beoing that such impact onergies meay
iloloilgv thee airro' aind tun, it into an ejeCted "1'ftgt1LUxht" in It's own right. This could form AL

n'ajor pat of' .,.fel a teut progrtervic.

Luox QphkkLise, the damarifge~ I-otential of the proposed fragrieiits, typical weights of heavy wing
aji nxn'lag.' %~-aer ,-e iiillcute1 or, the dlagrtln giving none id,-le of their respective energy
till ::orltir~g czspa l~i1tle..ia by rtai~lnj aicross From the' Light Alloy curve.;. * The resulting energies lire
only apprux.11'Ate a-, both tile crv oa an-I the: tent re~sult:. are only concerned with fl~at plates. Thte
:itiffermers of' the. Wilin find fuselalge (iricluded in the weight shown) ruxy off'er- uproclabl'y increased
Frnero~ absorptionr.vL to their ditpth. 1iourever, this does not kilter the genieral Inference of Figure ).
which 13 that ever, two or thruee layers of tcur structure. is riot capable of' atopping the salles of
the thr ... julbris fariew. brou-dly spuiekiiim the tduiigenir i:, faceed with u choice: or coribination of two
%-'--i of nol.utior, :- 1 1

a) to avoid ýktaretrophic result,; Uy juaigi re-oriurirtation or

L) to cotitlah or 1.'Z'lect thu debriti 1rom critical a~reas by tile use of' amsour.

1 F the rdir.oralt 1:;ý ;t! 11 1 .i tht' i.i ti i I I--:, Ip, taigeti the. 'lesi o~;er has the abi li ty to arrange
th.* a&rcrAIl t leo'it to locte critical volt".:;, In saj'Q areas kind to ensurv that the structures and

,*e~eru capetile of' rll:lortlixg luriwage reuultirng l'roM U strike from ja ird disc fragm~ent to the.
ntj ar l e~er tIb h leqir.'.

A frelvr.,sult otf hi.; effortn ý a showis or, kiizur- *Here a hypothetical subsonit jet
trwj~sport I sh~owi, with pror tit Ily thre W1 ie::t, range oTIrmp~tprQbluris likely to be encountered. For
t Y,? .askee v f revit;( w-Y ohallI orly c onrille,!r threa ts L: rort. the Wing, mountedi Engines . First, tile fuselage
hfi Leer; -,iv,-. al. upr kai-fiige' hll. with emureunzcy pre::r ulkataL; fore and aft spanining thL
Lr-.., u..I,-r threait fror. thel' feidj at.,l t Isline, iUscii. A walkway is ruquIred with pr, sseure doors for
corr, ei.i~etion et~r tkhe two hrilvt'a of' tOil p#Avee:Ier'r va~il.. To be eff'ective ths! walkway hais to be
closel for the' majority of' preeiurtz, I flight thua cutting off the rear passnerigers from the forward
ctbir, an1 cockpI;t. liini s'~ that (a) thle duAage occurs whet; the ruselage 1:1 presauwifed and (b)
rapi 1i or 01-no' tile f"uscfelag ctrnutitut-tu #a catrastrophe:. Expe.rience to date does indicate that
most 'line falu~res occur during takej o1*f in which canev the, rusr).ag, ., ik npreusurioexd. To what extent
.his or 1-'r of 1;ruritarlity (wht.'ri rteitintically oeevluute.d) will effact the requirormantt It. not clear.
!iowev-r, th.' A!i~eslgnr has al-no to alhow hOit thee ;tre-tu~r,- can vulpporlt say, (0 it,, 81% of proof loads
with 4 veiry lkarg,. npeotlor, PT:.troye,1 In ordeir to achie've a nafe lanrding.

Theown, irela' caseIr at sowy, by the' ;irglr, fri~emunt diagram (1) of' Fig.1 . flare the shell hiii
to L41 abkle to cusitair. itirvie'. Inf'lictel unywhere, in. tile shaded area. A typical effect of' at strike in
iril1cateef oz. ýieurre. 1. rheo aolutior, can arntail reinforceemmnt of the shull for nome distance fore anti
af~t of the' areaii'l,* threat. lite le.iAgnrrelj exiiting' 1Ti-Z&u desiop; practIce goes a considerable
way towatrl.. 1etrrdni1r.e' the requ(pire. 1 jtructuerer but the. txtert of dwagjea pornibic.1 far eXCeeds theit

expecte'I yit Piti,'ue, lw'ueg;ftin trcture..

'ff',e Iehaviow'r of' le4ro- A!-_it:tl--Vs LUnder 401.14 ýudI'fniy ir:(liCteef With M1ssiv1eu dameage ii. hot yet

~hluely e'stoI.While! erujlyrevs barrel upon fall satfe experienk~ex Canl defineY static residual
ntroennrthn, thri;'ý 1#l riot include, the. eI'fects of th. iynwrdc load re-diatributions that would occur.
It I." 1171errnt that~ ec Nll Ochle rerreeifrch prorasses' IL; needed to (a) deterrrmin the full extent of
luariege 11ee to lA largea fn~ra,'r~t Inelu~lirig? -ixjplotrlvt dIr-compre'sniorn if relevanit and t.., Cb) detetreirie
tree .nost !421ic enrt struirturAXl Bolution'.

'hswinr, :tr-aoto In tcormeisly mul1ti sqpar, multi torque box construction and so provent leas of
aprokblem to thle b-:jignur. lIe, must demontstrate, howeever, that any change in theo wing aeroeleastic

propcrtiee:i 'I, not p~lucke too fleVeirnr restrictions on the aircraft speed and handling charact~riat~ics.

like fu,-l tanki; arvf aircruitf eiynte'm.- represennt, virtually teen two extremev with regard to porisible
solutionn.

Orn, thee or'. hand It is erident that. fuel tanks outside of the accepted areas of risk cannot
Survive, Impaict bly any !jlgniricar~t deebris without nome protection, because of the risk of tire or
esaplonior,. Thairefore In the. contnxt of thin deonlpiefcncet fill breyr under threat remain dry.

On the other hand. if' ones oystem (including all stand-by versions) were to be confined in the
reinimum areja of acceptable risik, an ineiicatkid on Fig.l. Iriagram (Mi), then the letter of the
requi~reeeenrts may he connIrfeerol at; having been met, that Is assuming that loas of the complete system
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is catastrophic. Thieq, howuce-, would contravene one of the basic tenets Of system multiplication,
i.e. dispersal of tU, standby ,vatou rmote from the primary system. In this case, the technique
would be to locate tro 0,,,uAncy system remoto from the primary system such that a complete ird disc
whirling diasuter could pass between the two areas.

It is quite possible that the majority af such solutions result in weight or performance
penalties. These must be fully evaluated in order to determine the viability of the main alternativu
which in the use of armour.

5. Desin Solution (b)

2
Contain•ng the two debris forms of Fig. 1 

requires armour weighta of between ILO and 220 Kg/mr
If these can be located close to the ejection source their areas are kept to a miniium. Alternatively,
they may be located further away but Inclineg so aa to act more as deflectors than simply reslsting
penetration. Assuming the inclination as 60 reduces the anmour weights to between 70 and 110 Kg/m

2
.

rhe re location a also provide m bitter anchorage for the armomr as indicated in Fiure 6 which shows
the possible armour locations to cover the Sinagle Fragpwint (i) and the Him piece an-d1ade (iII).
The threatered area related to the Multiple Fraiaents (ii) is also protected against strike by one
of the ird dincs while the probability of all three id fragments striking this area must be regarded

3s virtually non existent.

The problem of holding the armour suggests the use of rings around the nacelle or Iaoreased
internal stitfenizai in the airframe. Either of these will increase the weight ml&dficsant.ly thus
requiring accurate analyses to evaluate each scheme thoroughly. Evidence exsts to show that the
dynrnic strength of mnat~erials is often considerably better than their staric ntrengtnu but apecific
dat, which to base such analyses Is sparse. A research program may be wnll justified to obtain
LTUCI ta.

There i3 little doubt that if a fully contained schemu can be proved viablv then the end product
could be a much nore satisfactory aircraft from the operator view point. In this context, the armour
performance becomes of paramount importance end it should be noted that very little research has yet
been done to obtain essentia data.

Most work to date has been concerned with military aircraft subject to gunfire damage which
involves small mass, hio velocity projectiles (e.g. Ref.3). While the results may give same
indication of the effects of engine bursts, the necesea.y extrapolation Is so oonsiderable as to
require experimental confirrusion.

In conclusion, It can be seen that theso brief and certainly not exhaustive notes outline a
major extension of the designer's problems in the field of ipact resistance.
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STUJDIES OF MNINE NDTO FILAGMET IMPACT
0N PROTECTIVE STRUC133RE

by

coerctl aviaion i 1973;the arault ofr Propulsion Toot Centertceprmnaio odee op

Aresenedil irre:Datacibonmberatons an untaied ga& turbine engine rotor bIursts ttoccurrec ear in U.S.

comercial aviation. The potential fur catastrophy that can be assuciated with theme events has prompte.d
NASA to sponsor the Rotor burst Prutection Program. This program was developed and I,% being conducted by

ThL intent of this paper is to acquaint you with the RUPPi by:

- E~xplaining what motivates ua to pursue Lhis effort.

- Prsentng ome f te eperimental results that have been produeud.
- Dscrbin Lie MTanalytical effort.

imptusandmotvatoitfurthe RUPstems from tha statistics of the rotor failure situation or
probem n US. ommerciL aiatun.The data that will be prisented on this probl-em comeh from analysis

7.a Flight Standaile Service D)iffiiculty Keportm (SDR) that are published daily by the Department of 'frins-

portation, Federal Aviatiun Asiiainistratiun (F.A.A.).

it Ins been stated that an irreducible number of uncontained rotor bursts occur maL~h year. In fact.
tiedata shown In figure 1 indicates that oi, Lthe average 30 uncontairied rotor bursts occur each year. A

mora detailed p~resentation of the statistics on rotor burst for the year 1973 are mhuwn in figure 2. Hiere,
tedata is present~ed in twrma of what part of the ongius was affected. and how many rotor failures and

bursts eccurred. A rotor burst being defined am a failure that produced fragmnents. Those data Indicate
that 17U rotor fitliures were expurienced iii 1973. Those failures accounted for approxibately 9% of the
2888I shutdowns that ware expurie~sced by the gas turbine powered U.S. commerc.1-l aircr.,tft felou. The data
shown in figure further characteriaes the rotor hurst problem by Identifying: what typtu of fragmelita

aebcing Kenera eA; where in the engine bursts occur; and what percentages ot Lthe bursts are ,ncontained.
This type of dati Lerves to eat iilish where in the engine the burst problems exist and what type of [rag-
aent hast.i fl! a)t potential for doing damage and therefore must be protected against. Thite Lin a sanse
directs our efforts soc that the most critical aspects and locations ur Lthe rotor burst problem are addressed
bythe program. The conclusion that w. 've drawn from theae ard other more detailed data is that rotor

burst in commercial aviation is a relatively sizeable problem with potentially eerioua4 conneq~sences - at
stake. is the welfare and safety of literally thousandsm of airline pamsenigers.

Troe qethen otseat wasv racoressed thatseltenstoive txeite: Wat en andetestintowoudni= ZneededrtoFmee
Ohe halars unf rsk the tF aeetingthendan goalsowoul iusnvolvei:teeoxto aiatratvs

Wev Characteriuring theaut golwhcndvfragent contropinrocetosses. vi~glihwitpotcin
Thi Coitonduasting paamoped.ricaudie toe establishic ofutin rela urtioshios beat eon limnit ielabtipoits

in order tn the e ffr aet o etivens of varotious r mtr burs protiectd. eiesadcnigrtou

Tos Faccoilitishfo thes takX oo pi aiiyws eindadcosrce tth AT. Ti

Facilitye istshotn in figurecogIcnsisehts ofxatcntrol axermntataianuisitiontare whichb,- heeded th eeton
tr oals and intruentation uedt for theestoand aol test oarea:hc otistesincabr n uiir

-quipmen cteuch ins th e bcc urs and furagmeint cotrmps.eses



-Thee facility hast two spin chambers, The smaller chamber can accom-
audetv rotors up to 4U inches in diameter and has a working height at 32 inches. The large chamber. shown
in figure So Is comyrisad of a heavy walled (1 Inch thick) vacuum vessel that Is proteated by a 5 Inch

thick la~minatzed steel inner liner. The working space in this chamber in 10 fast In diameter with a height
of to feat., It was designed to &ccuiodaite rotors from the largest aircraft angina thlat are made. This
chamber hast ports on its walls for instrumentation fosd-thru and optical. access. Typically the rotor to

btwn. failyof ir urbnemu~rs re vaiabl toprouc roor peco u to150UOrpm. To minimize
tepwrrequired tv .Accelerate the rotors to failure. the chambers are evacuated to produce a vacuum of

appruximately lISa fig. Thes main dat~a Acquisition systems used for Lost, *aide from those used to monitor
&Acility oper~Atioiial variables ouch as rotor speed, chamber pressurer and the like, are the impact strain
meas*urin& And high-shpeed photo- instrumentatiLon systems, The mtraice measuring system, which convists of
balancedo bridge milltil,1t signal cundliionLng equipment, two dual bean oscilloscopes, and a 14-channei.
magnetic tape recorder Is nisel to measure and record the *train* that are Induced An the cuntainment and
deflection devices as a result of rotor fragment Impact. The high..spued photo system in comprised of a
continuous framing camera .&nd phuto lighting Unilt. The camera is capable of producing 225 pictures as a

rdaming rate of 35000 framesu per secondl. The 1,ighting utilt hame An output of 12 million beam candlepower.
Th ese are just some of the valiant features of Lite Spin Facility. more detailed information can be f~ound

The experimental 1JOVelopIW~mt of rotor fragment protectioin design guidelines, which io what this pro-
gram It All about. has progressed through two distinct phases. The first phase Involved the conduct of
exploratory tests that were perfarmed to determinev what MechLanisms were involved in the rotoz fragment
~ontaeinment and dvi lscti.'n processes. and also ~o establish what variables significantly influenced these
processes. lthe second and current phase involves the conduct of parametric experrimantation to generate
data for the design of fragment containment rings.

Exylratrj~xwrieeettio:Ixring this phAs4.. o~f Ow~ program rotor- and blade containment taste were
condJUCted using rings made from a variety of materials. 'rte purpose of theme tests wax to gain some in-
sioiet intoi tike processes1W and meChAnisms that wore involved in the containment process. High-speed photo-
instrumentation, was up-vd to record the event',o that toolk place during containment. The photographs produced
were Analyzed to establish both fragment aned ring behavior ducing Ltie containimentL proc-?ss.

I . ko-tor C t nt a nmenit: In thein, expeiriments, turbine rotors were modified to burmC Into three equal
pie sector fragments at a predi4.Idd speed and impact a freely supported ring that encircled the rotor.
Figure 6 through 9 show selected frames irom high-speed photographic sequences taken of several rings

which arr fin the process of contadining rotobr fragments. The rinit. e'er made from a variety of materials.
41310 Steel: 2024-T4 Aluminum; Ballistic Nylon; and filament Wound FIbergimass. Thesew photographic resuits
show that the gross ring and fragment deformations are approximately the samw. for all the ring materials
tested. The rotor fragments experienced deformations Involving only the blades which were curled and bent
while the dink portion oif thes fragment remained intact and suffered no apparent deformation. Frame-to-
frame analysis of the fragment dislp&lacments recorded by the high-speed photographs revealed that the Lime
theat it took bli de deformations to occur was approximaltely the samse regardless of the ring material used,
and varied only with burst speed. Blade d-eformation times !became shorter as burst speed vas increased.

The rings were displaced and deformed to generate Lthe typical three lobed pattern associated with
)-fragment bursts; this io well illustrated in the high-speed photographs.

In all cames large dieplacevoentoi and defourmations of the ring did not occur until fragment blade
def~rormaton Wasl almost ..omplet.d. Thin Indicated that relatively small force ikre generated by the blade
derformation which occurs during the- Initial stagvs of containment. based or es@ results some Important
observations were msdej:

-The rotor fragment blades in their deformation do not substantially absorb much of the fragment
energy that suimt be dissipated during containment.

-The blades by virtue of their length end mass distribution serve oc." to prescribe the location
if the fragment cantor of mass and the radial efittance through which the non-do,ýormable hub mass must
travel during the Initial stages of containment. These factors Inflouen the trajectory and orl,.ataton
oi the fragment during the latter stages of cuntatie,ant when pronounced ring displacements and stresses
are induced.

-Because the blades deform so readily, radial 4l..,rance efferts are minimized. Differences in
rotor-to-casing radial clearances between experiment and actual turbo~marhine construction are small cow-
pared to the blade length. Thero-fore. the ring and fragment behavior observed during experiments using~
radial clearances as large an 0.5 Inche.s would be representative of the behavior that could be expected
in an engine whore roitor-to- casing clearances j.rv measured in thousiandths of an Inch.

2. Rotao'r 6 ' ade C ontainmen t: In these experiments, blades from turbine rotors were modified to fail
and impact containment rings made from 60)61 (176) and 2024 (T4) aluminum. Tw.' types of ruoto blade con-
tainmtent experiments of interest were co~eucted.

- Single blade borste In which one blade mojunted on a rotor disk wan mad Ified to fail and produce
ae bloide fragment.

- Single bladc borstsi in which one blade in a fully bladed rotor was moiaified to fail.

These blade burst experintentsl were conducted to study the bladle and ring; interactions and deform-
At ionot during the containment process.

ML.
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The results of representative bladw-fragmant contain~ment experimsents, which are in the form of
high-speed photographs, are shown In Figures 10 and 11.

Figure 10 depicts the sequence ot evoants that o'ccur when an ieolated blade to contained by a freely

'supported ring whosise thickness is representative of an englite caving. The ring deformation, to soen to be
4 locAl And extensive. The blade was deformed in a curling manwer characteristic of turbine bla.2es. Figure

11 shows the sequence of events that occur when A blade from a rotor fails, Impacts a caving, and interacts
withs the blades remasining on the rotor. Initially ring deforimation resemble. that produced by the isolated
blade burst. This is reasonable becasuse the rings used and the burst speeds are the ease for each experi-

O\ ment. But as tined progresses, Increasing Interaction of the blade fragpteat with the other blades Is observed
and at failure of the ring occurs. This comparison provided evidence that greater forces and energy troamater
aroo induced by blade Linterao.tion eand clearly Indicates that tihe momentum imparted to thes blade fragment by
',,her blade% 'in the rotor adds measurably to it* destructive potentiail. This imparted energy or mouentiom
must he cvonsdcrud Lita Any design Analysis fur blade containment rings or engine casings..

koto rgat 1flcio eie

Protecting Ano aircraft trom rotor tragment iitta.ýk through the use of partial rings, which would serve
to redirect tragment t out less snsitive and vulnerable areas of the aircruft, Is an attractive concept.
sLIWVi it promiases cutaibiderable weight Naving. o~ver c:mpilate ring systems which are designed to capture or
containt~ Clo fragments. Twit wignific:Ant experiments have boon conducted to examine the feasibility of this

.ozcet nd to study Cted saechanics that Are involved in the deflection process. For the first experimenit.
two hialt-ringis ot equ~al site cAnd weight wert- installed around a turbine that was modified to burst In half.
U~n. halt-ring woos welded tO a rigid mount at one end;. the other end was tree of any attachment (hinged
me, tIon). lbs other twit-ring wast weldrd to; rigid amounts 'at both e~nds (fixed). This arrangement mads it
livuhiblev to observe And evaiuate the heh~AVior oft two different deflection ring configurations ducirr "uc

Ihe objettivesi ot this experiment wiete to extamine Oth feasibility ot using a haiif-rinlg to control the
trajectory ot & rotor fragmnet and toei tdblish what method of half-ring attachment would be Post effective
for fragmneat dut lvctiot. puirpowes. Solwo~ted high-speed phoitographs taken during the experiment are presented
Lit Figure 1.. They slow that Lthe rotor iragasente impoicted the half-rings close to their point& of attach-
Ment; thle impAtt c ondiftionl was oionsidwroid tu he Lthe worst possible. and therefore. provided a rigorous
test ot ho~w w.,ll 'h.. halt-ring.. fuii~tioned AN fragmenit deflection devices.

[he I ixud hialt -ringo rxperitonki d fasilures nusr the points of attactment soon after Impact. The fragment
bdid nut. dos niKIht 11V ext..ctoid. witter tlow "prusteiced region" as a result of thes&e failures. Instead the

tragmesiet Loot inuotd t.o intvract With the frced ring sect ion end moved alots& whet. could be considered a safe

Ilb- "Itinged"~ bil t -rinig bvi.avsd4 aH ~rot i. ipatied: A plastic h1inge formed close to the attachment point
At Impact T.hIliv alt-r~isi pivk-twd .aholt thlis point. while It 1juided the fragment over Its inner surface
along11 a hate, *C--tro~l led Lr.. Icc tory .,wav from Ltie protected region.

Dow Mounts Iiir buith twit-ring..h failwd during the fragment Interaction. The results of this experiment
der-nittrat; oncL uaiVNlv tOWt hAlt- -ringp. iAii bw used tot pruvide suitable fralttesant trajectory control or
le fI.-,itIcon. tRuwvevr, the "hinged' halt-ring appeared to, tunc~tion mre effectively. In addition, it repra-
uen1ted is lower wso.ight and lemoo. cunpidx coni iguration. This second experiment wam similar to the first inval-
ving the osamep type it mo~dified roto~r And two, uteel halt-rings. thowever, the half-rings were of different
we-giht (on1e weighinlg IaPPrOuIMAtely twicC thev other) . Andi they were freely suspended rather than being fixed
dt u,tu -or both ot the ir end point... Ifis di ectiviye4of thits experiment was to determine It the inertia of

a halt-ring alone would provide the. constraint needed to control the fragment trajectory. The half-ring
weightit werv diiffritt. to provide dikilu rint inertial responses to impact. Selected high-speed photographs

0i thi% exrpcritaiset art, prekosentedi Ino ligurLe 11. They ushow that the fragments struck the half-rcings at
1IofilU - mmidervod to, be liptimal fur thr evaluAt ion of their trajectory control capabilities.

The lighter cir thinner ofi the twit hljt-rings (both half-rings had the same internal diameter and axial
lwngth) drf1ired LIonalderably during the im¶pact process and offetred almoat negligible resistance to frag-
nent trmnal~atiuinal motloin. As. a result tue fragment moved with considerable enerigv into the region that
wac; to be priýtecited by tht hal i-ring.

Ihiv hevavier hIalf-rizug was Alsoi deformed during Impact but not to the same extent me thle thin half-r~ing.
Fragment tranulatitioAl no)tion wias sometwhiat arrested as a result of the interaction, but the course of the
trilglient Wasl nit ciintrolledl. Like thw other fragment, it too moved intuo the region to be protected.

CuNCLUId IONS

14eiordin% Cthe v 14Mi,tor hurpit FiraW n-t -Lont..i inment- Process:

-In .1 ui~ntainmnoit soituation1 Involving friagraunts fronta a typical axial flow turbovischine rotor,
blade dutornatlon :onustituteit almost all of Oth fragment deformation that occurs; the hub or disk portion
of Ottoe fraigme-nt behaves as a rigid non-deftormable bopdy that causes distortion of the contaimart ring.
Iira firL-ew nvveded to defirorm the blades are relatively small, as are the energies absorbed by their deform-
Aut in. Thvrmftire, the bladesi on it ro~tor frageent do not significantly influence the distribution of the
inp.ict toadis tust are Induced In a ring (provided the rinug thickness approaches that required to effect
iu~niainmenzt andl ttae fragmenot huh tor blades mass ratio is large), nor do the blades absorb significant
anluntsi if energy through their dotormAtion during the containmtent process. Tha blades serve only to is%-
fluenice the~ fragusenc trajectory during the Initial stagee of Impact. This also moania that in cases wbere
thme riitor tip-to-ring clearance In smell (test or operational clearances) the blade radial length bec me
In etieit tht radial clesaraance. that tnt luencews the 1ohrietatIon (if the hub or disk portion of the fre.Ansnt.

-Tie& amount of blade deformation sustained by the rotor fragmento during containment appears to



be independent of the hardness of the containment ring material. At equivalent burst speeds soft and hard
material*. alike cause the Sims type AMd degree of blade dolormatiou.

-The general displacement and deformation characteristics of containment rings. optimally designed
for weight reductiun and subjec~ted to rotor fragment attac1., do nut significantly very for riags m"do from
Materiala havingd 4 1.Ide r~ank of strengt~hs and ductil ities. The ring distorts to conform to the shape of
the undelormod disk portion of the rotor fragment. The number of ring distortion site* is equal to twice
the number of fragments attacking the containment ring. The magnitude of rills distortion. and tELI time it
tAkes for these distortions to develop depends on the ring B'"As, material strength, thickness or stiffness.
and the speed of the fragments ut impact.

-The varisblae that appear to affect the Containcient process most significantly Are;

(1) lthe burnt spend
(1, ) The nwonber ,I fragmaxta
(J) The blade tip-tv-hub diameter rativ of the rutor fragmcnts
(4) The ring langth-tu-thlcMinvss ratio
45) The ring diameter
Wn The ring material

eI&Ardlngj the Rototr burst Frsgmant Deflection:

-Motor fragownts can he effectively deflected (their trajacturtee controlled) through the use of

partil1 rings of reasonable welight.

F 'arametric Lxjwir~rientationT The parametric rotor fragment containment experimentation *,,olwed from
the ex1rtn etnwiprovided an understanding of loon rertain variables significantly influenced
the rotor fragment containment process. The gual of the parametric Study to to experimentally derive data
that will provide empirical guidelines for rotor fragment containment ring destign. Vic approach taken is
to establish a funcýtional relationship 'etween a measure of ring containment cepability end the variables
that che .c:toriae the rotor mind ring. aid significantly Influence the containment provess. TVeae twlation-
ships,a ooce established, will be the empirical guidelines needed for containment ring design.

Ins Olkigtit.AtIt variables for firagment cuonatainent, an determined through experimental observation ,trf:

Motor: Diameter Spoed
Lenigth material
Tip-to-hub-ratio, Number and typ~e of

Weightinerti ragaert n

king&: Ijameter Axial length
Meadial thickness material

Yor purposes iii developing the design guidaltnes and the text schema needed to generare the"e guidelines,
A depenident variable was formulatmd which measure* the cuntaitimant capability of the ring. This variable
was :~allod the specific contained fragment energy (SCVE) anM ias deriLved vy dividing th rotor 4wnvRmy at
burst by thbe weight of the ring required to contain this fragment energy. This variable is a combination
of several of the mignificant variables, namely: The rotor mass Inertia and speed; andl a gross desc~fp-
tion of the ring In terms of its weight. The remaining significant variables become independent or expert-
mental vartableag; that is, factors that are varied from test to test to determine what, influence those
variations have on the containment capability of a ring.

The four ring anti rotor Variables, which are, beingt varied to determine how they affect the containment
potentLLia or Lharacteristlc of the ring (as measused by hEli SCF). are;

- The r~ing Lianur diameter: Two diameter*, DOn approximately twice as large as the other (31.64 and
15 inches), are being umed lur experimentation with rotors having correspondingly larger and smaller tip
diameters (engine turbine rotors having tip diamaetrrs of 10.64 and 14 Inches. respectively).

-The rinig axial lwngth: Three Axial lengths are being used corresponding to 1/2. 1 and 2 times the
axial lengths ,~f the lar;c zand zall diaam~iaer autrs (1.25 end 1 inch, respectively).

-a~ number ,f rotor fragments generated At failure: The rotors are modified to fall at their re-
spective design speeds and produce pie-sector shaped fragment. having included angles of 60*, 90'. 120'
and 190*. These are designated at u. 4, J and 2-tragment rotor failures, respectively.

- Thes ring rs.ilal thicitneva or outer diameter:- The ring thickness is being varied until fr nIt
containment in achieved for all combinations of ring (rotor) diameter, ring axial length. and t- moicber
of rotor fragments.

Other factors which will, in som way, Influence the magnitude and orientation of the forces that are
developed and the def-rmations and displacements that are sustained, by the ring and rotor during contain-
ment interaction are:

- The machanical properties of the rotor and ring matiriala.

- The fragment velocities.

- The rotor-to-ring radial clearance.

- The rccor-to-hub diameter ratio.



However: With the exception of the ring mAterial. the variability of thase factor* ts constrained wt1ta-
in narrow limits by the dictates of goobd aerodynamic, ther~ymodmitc and structural rotor design. per all
practical purposas then. thos. factors are essentiAlly cunstant from one turbomtachine to another; therefore,

Although th ehaia roporio oie aeiasusdt make the Coatatament ringm can vary widely

Latr. hanthooff.ýt ofthe other variables liav, been estddablsed, the Influence that the ring material
SOC~llC~lPr~wftea 1ASonthe fregeent Cont~ainment process will be studied and Incorporated Into the

miboyof Ifrdinthat represents the guidelines fer contatinment ring design.

Syntuopai: ToparAmetriA study consists of a series ut rotor buret containment experimewnts In whicK
rotors oft tww 4iilermot dimameters are modified to burst ist their respective design speed* into various
numbeQrs (.. J. 4, and CO ot pic-sectur fragments. Thus. traadasuti Impact rings mode front 4130) cast steel
that arw f *.l uj, orted and concentrically wncircle the totors at e radial clearance i4f 0.5~ inches.
The ring Ai~iaI length. Are varied ill threw discrutu, steps of 112, 1 and 2 time. the exial length of the

rotors end their radial thIcksesswe are varied until frAgouent containLant Is achiteved.

ConepILually the Iel~atioasshi&' asa therefore the dwsign guideLines devolýsp*4 through expierani could
take Lhe furm showng iI figuare 14. Hiere tOe StVE is piuttsd against the number of pit sector fragments
geneVrated at burst &rn1 the ringtrotor diameter. The rotor to ringi axial length raciu Is the parameter.
1he Ube ofi these tuLctiofll re.LAIOnehijs curve" to designs an Oplimum Weight steel ring fur a particular
rotor applicition ~An hit described As follows:

onsly two thin&&smub% be &nown about the rutur ps tor to the design andlalysi;

tl.) Thm IsinwtiL. encrolv (hXLNl content at burst,

I,.') The *si* including tip 4 ianaeir, 4%141 length, and hub-tou-tip diameter ratio. J

Thy functional reulatiosneip bestweesn SIFE. the number of tragmente and rotor diameter with the ratio
of~ the rirng axial length to the rotor aXiAl lungth its the parameter, provide xii indication of what the
worst coskbi.ntiou, .- I burst ,ondition* would tor for the size rotor being considered; i.e..* the lowest SCIE.
Oince the valuy ot %t.FE is obtained trust the 6urves, it ts divided into the total energy ot the rotor at
burst. The result .,I this divinion is the opt imum Weight of steal ring required to contain the rotor

(1 rat ent4

This weight iP6 used In equstion (2) to Lalis;UuLat the radial thl&A..ss required Lo effect containment.

Wh.. r a

I - ring radial tfuicknom..
ri - tugl Inner radius, which tor pr.,rtical purposes, eqtkal, the rotor radius: Ifotor-to-casting

oýperatio~nal clearance. and .,on~ideramtluns of elnimuc. ring weight (the w.eight of a ring
in directly propourtional t-, the squair of Its Inner Tedium) dictate that the ring and
rotor radius be as equfvalwnt do pussible.

LNG - ring atial length.
KN -rotor energy at burst.

SCFE - Specific Contained Fragment Energy factor! The value taken from the curve in Figure 146
for the asio rotor being considered; the numbter of rotor fragmsnts that result in the

the optimum ring-to-rotor axis.1 length ratio (IUi./L.MT) which is represented by the

highest Contour In Figure 14,

This general development and e-aplanstion of the data Illustrate. ho-w the experi~mental resultn are to
be used by designers tn establiah the weight and msis of rings needed to contain rotor burst fragments.

Analytical Effort

As part of NASA's long range plan to provide design guidelines for rotor fragment contaiinmnt and
control, the Plassachusetto Institute of Technology (MITp has beasu developing models and methods that will
be used to predict the tranaie~at respnnse of rotor fragment containment and control devices. The VAPTC
is pruidinig experimental support for this activity. The objective of the MIT effort Is to provide desiX-
news in Industry with the analytical tools that are needed tt' develop optimums costaiLament /control devices.
The accomplishment* of the MIT Aeroel-istic and Structures Meeearcb Laboratory to date incluade:

-A computer program, JZT I (KWAS CI-107900) to predict the large deflection, elastic-plastic trams-
ient response of a single Layer ring subjected to a prescribed distribution and time history of Initial
velocity and/or external forcing function that simulates roughly the forces applied to the "containVMent
ring" from a single-blade Impact.

-A similar program. JET 2 (RASA Cg-72IUI), that treats milti-layer, multi.-material, but isothermal
rings. In this program, 4 more general description af proscribed externally applied mechantical force, io
provided for the user.
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The JET 3 program, a more veratile probram than the"e previously mentioned that permits predictionse
of Large-datlection elaetic-plaatic traestmer responses of single layer. variable thickness complete and
partial rings that are free or supported in various wys. This program takes inta account various pro-
scribed Initial velocity distributions and/or transient eatar-elly applied loads.

- A collision imparted velocity mwthod (CIV1) that is combined with onae of the versions of the JET I
program to produce the computer code CIVK-J9T 4A (NASA CR-134494). This program permits the analyses of
contaiment rings or deflector response to impact attack from I to b fragments each having its own ease.ma.. momet of inertila, issa, rotatZonaal velocity and tranaelatioal velocilty. hark ia presently underway-'

to modify this code with an mix oved impact subroutine, .cconaodation of ring support brackets and branches,
and a more comprehoasive strair-displacemmnt description. This Lmpr,,ved version It called the CtViN-JET 43
Code. and will be publisheJ in the fall of 1975.

The JET series computer programs have been and are being used by industry for material screening &dP
in esupport of parametrLc studies conceransg the fragment containment deflection problem. A detailed dee*crip-
tiors of theme codes is given to Appendix 1. A list of published technical reports and papers that have
resulted from the analytical and experimental uork is ulven in Appendix 2.

I •ould Like t.o thank Messrs. S. Weies, 3. Siewert and A. II'l-a. of Aerospace Safety kesearch and
Data Institute (ANI), NAA/Leis, and Dr. E. Witmer of Maesachusetts institute of Technology for their
help and direction in preparing this pAper and for their support of the Motor Burst Protectiun Program.
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FUNCTIONAL RELATIONSHIP
(CONCE•PTUAL)

• 5CFE

RL

Rotor to
ring axtial
length ratio ..-.-

S~NO.
•--'"-- JFRAGMENTS

ROTOR/R.ING DIAMETER

DERIVED EXPERIMENTALLY BY VARYING
- rotor diameter
- no. fragments
- ring axial length
- ring radial thickness w,•,r 4

AwA



--.-- .---. - - ~10-21

UMPJEAA OF Thi LAIAIMUES OF TUi CtMt)U (AJS JET 1, JET 2, MU) JET 3

t DE PKEDlCTTNi; TWO-UNIISNSIiIS TRANSI.ENT ItXSK*SLS W KING. STUIEWIUMS

This appendix ii intendsed to provi..i for the r4"Ist a Lofvenieat tabular sfAmi~ry of the pitwaipal
1eatures WSJ2 caplabi lit ias ,f the two-dimesaaiuui I rausisnt sag-~irt~ lees.ic.-.lastic stvactural
reipOue rial cU.2as JE:T I (Keat. 15). LYE7 " (Net. lb), and JET IA-Ski (Nef. ;f4) deceLopad walo NASA WVZ

.'-UOVS-JJVI. The prostant code tCfVN-JkT-'4A head Won developeud bv cunbianin; the CIVN prt adt.e with a d
iflied voratiua of the JET Xt twa-dimsenoiunAl stiruktural response cd..

The JLT I codew koft. 15 pertains. to atolgle-laver -ftp1eto. untlorm-tbickneas. initially-citcular
rings of either tenisprdturt-1Pjepvidelti of tsa~pwrautua-dvpwtndet aaterirl1 pro.perties. Thas i.nags maty
be subjected t" pritwcribe.J: ta) initial velocities. (b) transient mclhaaicual loading, and/or (c) steady
tnunitfor, tem(.eirature... The I initk--d11tcrwncv mokkuod ampiovv4 in tuie code had been~ shown previously
(Kea. 12) to provide reliable preditions tof the As ofn ut Lm.ratu r-Indepvsadent m&.crriali properties.

The .;LT ' code wall wrtten in order to, watesid thisi ftin .-d~litvrvence analyusis capability to treat
multilAyer rings -- .. awma antL,1 pated to be .1t uture .orwarn. In the Intervstm ,f efficienicy and the
winimi~sation of omruter alioraze re.quir~saatb. t5(itIdlIiiXLmaterial pr,;pvrt1ai sand thermAl loading
features werw omitted from Jkl .8 it thows omittwd tuatureai soauild turn ,ut to, b4 neaded urgently Otut this,
thus lar. has nut been the Cabe). they Lould be added later.

Sinte twhe. IL scidi JEI ' c.odeaa pertained to. initisalky-, Lircular. Loampktv ring.. of uniform thickness
wlwieas therv was isiter-A. aLsu in variabic-thiniukzae. irbitrArilv turved. p'Arti~al as well as complete

* rings, the JET J series or .,dwb waa. develop~ed. To a. .cmMudatv these lAtter leaturew as well AM a variattY
ofI t Ype. uS (J) bioundar v cotdit ions. ()eatI-.wjiSi aupport*, and ( i) I,'int elaht ic sjuppok t&, the
MUJI versaitile 1I~nitW-WeVIN aI t 4anlywis J~r-edurW was devvil,epd And wmp~loyed. ha t ef iciuicv and user
conveiiiduen * 2 or version., of the .41 Pr,'AmrA were dcrvwIl.'4sd; va'hI verbion a> .oi.dmtvu bo'th comRplete
tinA.f And part ial ririg.. Jk.1 JA And JET11 IpwrtAfis to unkl. .- t~ilcknea.&, initially-ic ircular rings, and

emploY, rrespectivviv. the cwntr..l-dtfzerv&I., And t1W 154.uhoil.tfinite-differance time operator; for certain
,s..es. tOe Iattvr f "tint-dlt ferWIIC. t 411 operattor MaV permfit mo~rk Vecono00it LOUverged transient respunse
predictions tlen the 1,)rmar, The cudra 11.1 It and .115 IiS .rc vrrvsponding codes wh'.ch acacumnudate warl-

In .All ot Sawi-e "de, W.IF I tbr'.ugh )1-1 IDl). thew itimledi: (1) initi la vvloc itv o~r impulse conditions
and/,r t.8j transitent rneI-nl~ail Woading must tic V'renrtý iyed 6v th& uoser or AnAlvst. The oarernallv-applled
fir. r-s wxaper1&eaed bv 4 .epi.'te %r A partial1rlng fra.. I ragms'nt tI)SeCt Are ntlt provided within thete. codwah.
111e user must supplv hti ow 'viettmate off 0tf distribution and time historivis -- tivese forces. however, tit
thw uIlVM-.)LI-4A ..,-d,. trsgmrut/ring interaction said. rsroponse effeattsanre handled internally automaticslly.
for tho idiaoll~vd singlr-f rigswnt ndiu ia-f rogni.Ct caswu provided And discustitid in Appet-Wix A.

lit cgavwnivitt tabular t4,rs. thi, prin. ipal Icaturex and capdabilitirs of the codes JUT 1. JET 2, and
M1. ).'-A i are givcen iii O w f ollowing:

fkeaturk It I I i;tl U. J~ A I1-1 IN4 J, T Xt JET 3D

Typ ofsail(. I) (Si.-f t * (IK* f ~4 (I~we 24.) tke . 24) (kit. 24)

Analvsis Fkarnnkati-'n
Finite ibitfervince a x
Finite LlusturA x x x

lv;.e of nl-iiira..
lIm Lo kperatr

(-ntrAl Laifiervnie a a x - x
flbubolt (11ackward

P'artial King - - x a

Initial tCiitiiuraýti..i
airaular x x x x aK
Arb. Lurved - III-a

C.,nstant Thtlcknas ~ a a x
Variable Thickness --- Sa
Silnale Ldae t at at a a x

Madrilayor IiArd-b-inded
0I to I layerel - a ---

louiudavy (and lit lone
Ideally 1,lasped-a
Iliagea Fixed - x x a
iiy~mtry x
Free - -9 x a

Other Suj~a~t(udtSn

Sjlotrif'uted Lisatfi
F'oundaiti I oi a x

P-int Elastic Siarinam



Feature JET 1 JET 2 JET 3A JET 3B JET 3C JET 3D

Materlal
Single Material x - K x a
Different for Each Layer -

Homogeneous I x x X

Initially Isotropic x x x ax X

Temperature !ndependent x K x x X X
Temperature Dependent x ....

EL x x x a x
EL-PP x x x x x x
EL-LSH x x x x X x
EL-SH X x x x x x

EL-SH-SR x x x x X x

Stimuli
Initial Velocity

Arbitrary x x x X x x
HAlf-Sine over each
of Selected Regions x x x x x x

Mechanical Loading
Arbitrary Spatial
Distribution with
Arb. Time Histo-y x x x X

Half-Sine over each
of Selected Regions x x x x

Triangular Time
History x x X x X X
Arbitrary Time
History - x X K K x

Thermal Loads (Temp.
Distr ibut ion)

Distribution Thru
Thickness a

Time- Independent
Prescribed Circum-
ferential Distribution K

Deformations: Kirchhoff

Small x x x x K K

Arbitrarily Large K x K K K X

oUTPUT INFORMATION

At _Selected Ties

Energy/Work Type and Amount x x K X x X
.*odal Stati,,n Data

Locations Y, Z x X x x x X

Displacements - -K x x

Moment Resultant x x x x x x

Circun. Force Resultant x x x x x x
(iArcumferential Strains

Inner Surface x x K x X K

o•uter Surface x X KX X X

iLovat ion where Prescribrd
Value i% Exceeded - x X X K

At (.vrti ain (t tier Time%
lime "! First Yielding x - - -

Time when Strain First Exceeds
P, Prescrib,.d Vai."u X X X X

. I..... at i, and Value of
larirg.t Sirain Reached Druring Run x x K K

(AI'ALiY I.Fi)R1NIAI TO

'Liximlm N",. ot Finite-

.,i tt 'r,'n, , Stat I w )s I(X) -

'Lsximu ,4, f Finite

1 i e 4-: t. - - Sr 50 50 50

ti..•- I inlts ,m anSe , Irs umventc-d by .tiItering the d imenslons of appropria:_e program variables (see each
,.,,mr, .- r•, a,.n .
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APPENDIX 2

ROTOR BURST PROTECTION PROGRAM - REPORTS ISSUED

I McCallum. R. B., Leech, J. W. , and Wicmer, E. A.: Progress in the Analysis of Jet Engine Burst-
Rotor Containment Devices. ASRL TA 154-1. Aeroelastic and Structures Research Laboratory. Massachusetts
Institute of Technology, August 1969. (Available as NASA CR-107900.)

2 M cCallum. . 5.: Simplified Analysis of Trifragment Rotor Disk Interaction with a Containment Ring.
AIAA Journal of Aircraft. Vol. 7. No. 3, May-June 1970, pp. 283-485.

I. NcCallum, R. B., Leech, J. W., and Witmer. E. A.: On the Interaction Forces ar'd Responses of Structural
Rings Subjected to Fragment Impact. ASRL TR 154-2, Aeroelastic and Structures Research Laboratory,
Massachusetts Institute of Technology, Sept. 1970. (Available as NASA CR-72801.)

Wu. R. W.-H. and Witmer, E. A.: Finite Element Analysis of Large Elastic-Plastic Transient Deformations
of Simple Structures. AIAA Journal Vol. 9, No. 9. Sept. 1971, pp. 1719-1724.

'. Leech. J. W.. Witmer. E. A., and Yeghiavan, R. P.: Dimensional Analysis Considerations in the Engine
Rotor Fragment Containment/Deflection Problem. ASRL TR 154-3, Aeroelastic and Structures Research
Laboratory. Massachusetts Institute of Technology. December 1971. (Available as NASA CR-72801.)

ti. W'u. R. W.-H. and Witmer. E. A.: Finite-Element Analysis of Large Transient Elastic-Plastic Deformations
of Simple Structures. with Application to the Engine Rotor Fragment Containment/Deflection Problem.
ASRL TR 154-4, Aer.,-Technologv, Jan. 1972. (Avail.lble as NASA CR-120886.)

.. Zirin, R. M. and Witmer, E. A.: Examination of the Collision Force Method for Analyzing the Responses
of Simple ContainmentlDeflection Structures to Impact by One Engine Rotor Blade Fragment. ASRL TR 154-6,
Aeroelastic and Structures Research Laboratory. Massachusetts Institute of Technology. May 19)2.
(Available as NASA CR-120952.)

W. 'u. N. W.-H. and Witmer. E. A.: Computer Program - JET 3 to Calculate the Large Elastic-Plastic
Dynamically-Induced Deformations of Free and Restrained, Partial And/or Complete Structural Rings.
ASRL TR 154-7. Aeroelastic and Structures Research Laboratory. Massachusetts Institute of Technology,
AuKust 197.%. (Available as %ASA CR-120993.)

9. Wu. R. W.-H. and Witmer, E. A.: Approximate Analvsis of Containment/Deflection Ring Responses to
Engine Rotor Fragment Impact. AIAA Journal of Aircraft. Vol. 10, No. 1. January 1973. pp. 28-37.

10. '.u, N. I.-H and Witmer. E. A.: Nonlinear Transient Responses of Structures by the Spatial Fi.ite-
Element Metho-. AIAA Journal. Vol. 11. No. S. August 1973. pp. ll',-l!17.

1'. Collins, T. P. and Witmer. E. A.: Application of the Collision-Imparted Velocity Method for Analyzýng
the Responses of Containment and Deflector Structures to Engine Rotor Fragment Impact. MIT ASRL
TR 154-8. Auhust 1973. (Available as NASA CR-134494.)

L'. Yeghiavan. R. P., Leech, J. IW.. and Witmer. E. A.: Experimental and Data Analysis Techniques for
Deducing Collision-Induced Forces from Photographic Histories of Engine Rotor Fragment Impact/Inter-
action with a Containment Ring. NIT ASRL TR 154-5. October 1973. (Available as NASA CR-13548.)

1.. Stagliano, 7. R. and Witmer. F. A.: User's Guide to Computer Program CIV1-JET 4B to Calculate Large
Nonlinear Trdnsient Deformations of Single-Layer Partial and/or Complete Structural Rings to Engine
Rotor Fragment Impact. .IT ASRL TR 154-9 (in preparation).

A.. 6u, k. W.-H. W'itmer. E. A.. and Stagliano, T. R.: User's Guide to Computer Programs JET 5A and
CIVN-JFT 5B to Calculate the Large Elastic-Plastic Dynamically-Induced Deformations of Multilayer
Partial and/,r Complete Structural Rings, NIT ASRL TR 154-10 (in preparation).

15. "Turbine Disk Burst Protection Study" Phase I Final Report on Problem Assignment NASA DPR *R-105 -

NAEiZ-AEI.-1793 of 11 Mar 1965 - AD No. not yet assigned.

16. "Turbine Disk Burst Protection Study" Final Phase I-1ll1 Report on Problem Assignment NASA DPR
*R-lf)h - N.PTC-AEL-1848 of 28 Feb 1967 - AD No. 820894

17. "R-tor Burnt Protection Program Initial Test Results" Phase IV Final Report - Problem Assignment
NASA DPR SR-lO5 - NAPTC-AED-1869 of 5 Apr 1968 - AD No. 850921

IM. "Rotor Burst Protection Program" Phase V Final Report on Problem Assignment NASA DPR OR-105 -
NAPTf.-AED-1901 of May 19%9 - AD No. 693446.

1. "'Rotor Burst Protection Program - Phases VI and VII: Exploratory Experimentation to Provide Data
for the Design of Rotor Burst Fragment Containment Rings " - NAPTC-AED-1968 of March 1972 - AD No.
not vet asmigned.

.'(. "Rotor Burst P.,tection Program": Statistics on Aircraft Gas Turbine Engine Rotor Failures that
ot-curred in :.,.agrcial Aviation During 1971. Report on NASA DPR C-41581-5, MOD4 - Report No. NAPTC-PE-12
,if Feb 1973.

.11. "Rotor Burst Protection Program": Statistics on Aircraft Gas Turbine Engine Rotor Failures that
Occurred in U. S. Commercial Aviatiron During 1972, Report on NASA DPR C-41581-B. NOD 5 - Report No.
NAPT(.-I)•'!4O of Mar 1974.



10- 24

22. "Rotor lurst Protection Program": Statistics on Aircraft Gas Turbine Engine Rotor Failures that
Occurred in U. S. Commercial Aviation Duritg 1973, ASNE Paper No. 75-CT-12, Mar 1975.
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Cott* 6tude amalyne I' ..:_'4ro cant lea Suab~s rolmvues vionnent freppor In cartmr isotfur puis d~icrit
une installation dlos~ais tres simple -'tmettent d'onvoyesr des projoctiles A vitease variable our dos
ciblea recrheo~tent IS Carter.

Losea snai offectut~s -ontrant Is £omportamauit eum impacta A froid et A choud d~uf 00002 grand nomblo
le. sat~riaus* qu'IL qseals.. do "atli~r. corroyoes ou coulfas aussi bion Pour des allisaoe a'alumeiniws, at
do titan* quo riour Cos acl-rs ot des alliages do nickel ou do cobalt. lin mattent Aoslon'ent, on Avidence
P'inflwonceas doS riolditi. do I'6peisseur at do Is -ossem as I& cible. IeA nont coweaz,4s 6 Qutiqueii easels
h Plus arande diftemfiion *fin do '.COT do IPinfluence do 14fiChoIle at do rieux at'olymer lea v~formations do
1. cible on vuo do roe"-rchor une corrilation fntro In cos'portowvant Sum i-pocts at lea rfsuitats des *%Sesa
-Acaniquen Classiq'uom.

Cat onnoe-be dossais Per-evt enfin do dfaoaor un certain flo-bre do r~clon qui peuvent -trrvir do guide
au resvansebjo c-ar', O do esioinr un% Carter doevnt cnntanir Ing aubes.

An ana` risi -as been carrieC out of to9 way in wrich a ruptured blaed 1-pect% an engino case. Then
a 9a-vto test Menc-, whlen allow% to proiact Owullts at a variable speed on a ýnall torcet representative
of a ceso, is cascribod.

Test% on verious 'aterials s~c-o as luminum, titanium, iron, nickel and cobalt bass alloys in wroual-t
or cost fors -ova been conducted at room as well an at elevated temperatures. rý-in test is also able to
q"ow t~o influence of t~e stiffnoss* tftiChneSS end Mohr. C4' ta) tarrjet.

Afew eimperilants "it, larger projectilos end leroor plate-, aea currently beinc performed. eIiy will
allow to qtudV toL Scaem effect &Wc to eonlyno more accurately tho strain divetribution ink tvie toroet, thius
civinc elements for som, correlation of t'e impact behaviour of -aterials with' to~ir classical. mcnanical
Provertien.

lnmallv oir tost allow, to drew a few ouldo-rulee for ttv losign of a blade conteinino caeo.

I!~ ost dweondt sum cnnatructowrs do turborfseturS do Garentir quo leg carters Solent copables do
contenir lan auboi do co-orossour ou do turbine "u courrelent pour iane couse quelcavnquo eo romoro. 11
'-'ocit ousni bieft do ruptures do In coal ou do Ilattacha sous I'affet d'excitatjong vibretoiree ou do rui-
t.;rss car fetiou& h per-tir do blessures aruoguo~es per l'abnorption do corps Atranqers, "u do ruptures
or-oduites par P1incestion doisesum.

fý 'nral. lea carters des ftooesasd conoressourg haute presalon sinsi "u lee carters des ftease
-oven-to arossijon sont capablos do rwtenir legsaubeg qui mont do plus petite dimenstion at souls lea cartons
its pro-jari fteaos tie co-gressourn dolvont Otte renforcfs. L0 prabl&". In plus difficile so Dose, ewoc leag
qrnanes auboe do soufflantea h talons inters#diairoa "ein des renforemmontA do carters sant quand abre
n'coaseiroc Pour contanir leg Oubes d0s brawolers *t~esa des r~actour% A simple flux. Dlu cttf turbine ce
sont les oubas lea plus lonouce ot & talons au soemet qui %ont 600algeet In- plus difficilos h contenir
-als certoinos *.ben 6 oarede cards at evoc pied & fc~sgae do Is turbine -auto pression pouvent no~cosgiter
ESo renferce-ent-. do carters.

Puno -sanlibr o~nfrela In difficultd mo.)ouno vient nos grandams abos do soufflante dont lee dimentsions
a approc"Ont do celles dos 9,4ices et qui towecrtent dos talons inter%6oaisrea (wair plancoe 1). Bian "u
In conntructour prenna Ia "mio~um do precautions Pour quo does rupturec no puissant pag *a produirs done In
pied. I&, rfqlementn imposant do considiror 1s ceo% do Is s~paratiofl coepl~to do l'oube aunie do son attache.

L'aemeon cin.Amtoqraphique des ruptures no pole sous Ileffert dwtes charge esploslve done l'attacho
ou i'un tir d~oivoau wontre quo I Cubsaen go giperant du disque prend ian ecuwvemet do rotation autour do
non centre do qrsvitf at vient frappar he Carter per Is portla eoselve do aon pied. Le vitoess d'impact

pout difioassor nottement I& viteseo d'aitrainament tenguntlolae do son contra do greviti. Alnel 16 premier
isPact wnt un invact A incidence procho do Isa normel* sumc tne viteesig do I ordru do gqwtdau do. vitosaoe



ctzcpnfirontiollao des subs*, per example do NO0 Afl400ma/*. On pout dane on diduiro quo lag corters do
c~opforeout dolvont rEsieter A des projectiles prdaontont des aeftesa nquloumo. at do Alone cooectiriatiques
e6coiniqiuon quo lee subs*. clost-&-dir. afivifon I WO M4s do charge do rupture. onvoyda h incidonce normals
A dos wits**@* do lordre do JtiJ .n/s.

11slootlt Rlats pour Is wmotaristo do choisir Is mnetdriou 1o mioux adopt& pour Is febri.:atio" de.
carters at do ddtoxniner Is toc-inoloqis at 116aisoicur qui parmettent eovc Is moans Is plus foible do corteflir
In% projectiles.

Dons cc but, noun swans ontrepris uno coopoqns dlessais m~tallurqiquea ofin do composer Is com~potteenott
d'un qroand nombre do mottriaou sous Idioft d~ilocts 6 qrande vitesse.

IIJEALLAtIUP4 VILj-,Al

A pertir do Cos donn~es, nouis swons utilise un. installation dlessoin trki sim~ple parmattont d'onvoyer
do% crojoctiles A vitesno at inziinaiqan variable nut des ploques. L.otte installation comport@ un dispositif

do c,,iuffoqe do Is cible pour ftudier Is comporte-ent do% otfrioux pour carter turbine.

1-inst.Illtian (plontCo, ." couprond un pilttolat do ncello,.ent normolow#'nt utilimA pour fixer des phiL~cs
omlocer dons 1o bfton, une cohine do tir svoc Ion dispouitifn do s~curit# e-plc~ant 1* tir qiOnd 1s cabin*
West pan for-ke. un vxe. orientobic paur to fixation do to cible ainni qu'un cholumsou pour chouffsooo
4ventual do Io cibl& 3uQu'A t"'I t'.me co-irw do momure (planche Pi constitufie do deux cuilulas pnoto-
Almetriquon at d~un e~ronoAtro 6-oehor donne Is vitnatse du orooectile pour cheque tir car, -aigri- 1Io aricou-

tiOns prisos, il We as% #t4 panniblo d'obtenir uno rotation a-%ses prtLtise antr, is quontitA6 do poudre dn Is
cartoucoe at Is vitesse dui proloctile.

IJ:;41.;VLrtI

Lo proioctilo utilin' inot ii" Cvlindro do F -do dio-&tre ter~inA nor in tronc do e~no & 9W.* 11 set
rfolist dons vn scier h 1LM, "P do c-oro. do ruoture at so moan* ast do Iaorwmes. Avant do raetnir cottv
form*eovoc trone js c~ne rpopr~sonto~o plancio !. nous avons cogoprd o~ur une memon cible les offets des down
outres forreA do proiectile do mlle mansse. j0un tervin6 per une colotte nphArique. 1'sutru par un. foce
droito chonfrein~n. Zontroiromont h nott. attonte. Is perforation olune cible on natiriou 6 faiois fronilit6
a "u lieu pour 10 witasse 1s plu. foible evoc is projetile & colotte sp*44iquo torldin qua Ill projectile
vointi no verforoit io ciblo *ue pour unp wite.nme tree cup~rieure. bn coostote an offet pue Is forme Rome-
riguu donne I* pi-in foible deformation a 1a cib~e at perfarm uniquonant per cisoillmeont tondi% "u lo
far,* puintue d~forms tr&s nottmeant Is cible event am Is perforer. Lorsqtue I& mottriou le Is cible a une
foible covocit4 do d4formation. I& proj~etile pointu Provoou. don criquox rodiaose on mettant an iividenco
I@ comportovmtl fra~iii dui .ot'riou. Le projectile r.hdriquo ou contrairo conduit 6 un osach do rsinitonce
& Is perforation per cisoi1lo-ont. Le projeoctile 6 front droit entrain& do 16pirom diformation aet a un
offet poC'o do- Colii du proj~etile RVo4rique.
'Aous nlevons as% ratenu Is feorm sop9riquo esti,%ont quo 10 rupture por cisailloment pouveit facilsomeft to
diduire don carectfrintiquan ,sfteniaues closelaueo des motirloux at nous noun -tommas int~rv%%4it pluC per-
ticuli~rement. & tod. dui prcjoctile pointu. ou comportoeant froqilo & orondo vitossa del defnrmation.

Fr(n"!'A I A L I

-1ur uno -0- ftaisoeur do 2.- --. ttt'iq formal do ciblom ant Att comporfas (pIoNWes 1

- umo plonue forto-ent bridfo Inissent Libre Low surfaee circuloiro do diwl~tre coutile do colui du
pro 3octi19..

- ufte vlaqun cattA. fix~o sur seq cft~s lolosant Libre 6no surface cottA. do 9t. . 9t, n,'

- une plaque roctonoulair* encestri. souim-ont sur un petit c~t# at lisssont Libre in roctonqla do
3. ." V -.

Lo placotp i, -ontre os% r~sultats obtanus ovec 'muit oat~rioux diffirents ollent dos alliaaes daslu-
mminium t Ce meqn~olum, *ue alitnoso dOl titans et sun seiors. 'In consttot cuo plus I. cibla a-nt riqido, plus
Is perforation goat fseilo. ,'" 'Metroer plus loin Ou'evee Is cibi. tt6% riahde Is viteeso do perforation

sooq~rtvo, per oxc~i de Is vites,. do perforation Pet cisoillament our.

L0 pLanle. ? -Ontro I* diforsestion Ce Is cible en fonetlon de Is vitesme. pout uvie ciblo on @ailaqo
trta ductile (4111406 At - 'ý U0 peu onceettde. Aux trbs graindes viteoams. on a ut's perforation car cimoil-
lament put sans aborptionl dt*nerqie & di-tancp i co".t In ca" dune ball@ nerforont ine vitro on imisnent
um trou bien rofid. Aux vitoslial plus foibles 1I v a does d~formlations ptbs do IlisPact ot A dintanee.

JP.(NLE DES LANALTE-11 OAIlt'- -CCAftJ~uEI DE LA -JOI f

ýour un scieer mottonsitiue os. throve molybd~ne vanqum. nous ovons feit varier los corectftistiquoe
mftaniQuos an jouent sur I. trlotment ther'lque do revenu. O~n connntot* (plenchoe) Pe wapour cat acie:
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40 CDV 2n (Vascojet M0110), Is maillaur comportement a lieu pour una charge do rupture d'au Maiine 1200 1+a

at quo I* comportement franile neat not quAb IJ4U M#s. Cos assais obtenus avec is projectile poifltu at
une cible peu enceetria. claet-"-ire dons des conditions ao*, Ia fraqilit# a is plus do facilitd do se

manifeater, montrent qulon pout obtanir una banns rsisatance aux impacts avac un matdriau trajit &un

hout niveau do caractdriatiquep %A~coniquo%. pourvu quo So dUCtilitd rests sup~rioure & 84.

INFLUENSCE DE L'EA1i'AS'M

Lee easeal -sur des cibLam didpaiossur variable ont etd effectuds sur desn allisoaa d'aluminium at d"

-maqndsium car noum voulions voir dons quellsm acure an pouveit r"nIacer des carters minces an ecier par
des carters plus Apais on alliaqes lgers fozos~E ou coul~s. Un caontate (planche 9) Qua Ia vitessef r' par-

foration augments 6 pew prim proportionnhllnimont 6 1n racina carrda do 118paisseur ou encore quo l1inearis

cinitique 112 mV2 antrainant Is perforation ast proportionflelle I l'poisnaur de Is cibla.

ý'il aitait aqi do cisaillement pur. ]I'nergie de rupture per perforatiofr surait pu a'exptimar sous

1. form& approehde :

ti,66q R *de 9 a

R raprdsentant Ie contrainte de rupture an traction

- d e I& surface cisaillit par I& projectile do diamitra d sur une cible dipajasteur a.

Catte iormule smiuplifiesaedmat quo le contrainte do rupture per cisaille~ent 6 grand@ vitesse eat

dnale & W6 do Is contraints de rupture par traction at qua cette contrainta de rupture se conserve pendent
tout Is d~placement do cisailln-ant qui est voisin de Pikpoisseur. Cotte formula dot~ne une vitesse do per-
foration proportionnella a PIlpaismeur.

Lur Is planctre 9 roua avons port* cette vitsaes de Perforation cer cisailla-ent pur. Elie corraspond

au cas W, touts lldnerais cin~tique ciu projeactile eat utilisia pour trouar la cible par ciftaille~ent.

Chaqun fnis qwuil y aura absorption d'Anernie en dehors do ce cisaille~ont. an particulier cour d~formar

is cible pr6% de lPinvct ou b distanceoau droit do IPencastrement, Is vitease do perforation sere plus
dlev6.*. Far contra. loraque la cibla sere fragile, ella pourra "volor en fAclats" en absorbent aman

d*6norgia qua pour Is perforation par cisailia-ent.

On voit sur Is plenche 9 quo la vitoese. oratique do perforation no descond en dssecus de Is vitesse
t~foriqua do perforation quo dons le cas des cibles rowpues avec un facies fragile. Lee 6carts sont lea

plus cranda lorsque leas cibles ont una faible 6peassaur car @Iles pauvent *loreasm diformer fortemant par
flexion ;dans cm can, 1'ineraie *bsorbde pout au tntal Atra 3 h f, foin supirisure 6 1'6norgis thforique
deg cifmaill~e-nt. Ainsi lasuaoentation difpoisseur ast -ains payanta qua no le laisserait prdvoir Is loi
do vitesse proportionnalle A PIepaimagur a 8ui repose sur Ie thiorie du cisaillement maximum alors qua
caest Priciskaont avec las fnrten dpaisamurs qua ie plus grand. part de l'enercie ant absorbee par cismil-
lament ;lorsque Ilon dnuble Pipaissour, Ia vitesse do Perforation eat aultipliee par un fectaur plus
Procne do 1.*1 quo da 2. PNous insistnn sour ce point car ds nombreux autours en presantant des lain oZ, ie

vitrsqa ast proportionnallsl h Il'Aainssur. no souliqnent pas asset le fait quseux foiblas fpainseurc% et
SUL. foibles vitesses les cibles Pouvent absorber beaucoup plus d'Onernie quo per le Roul cisaille~ent

ces lo)is s'wnt oar contre trks utiles pour 6valuer le risque ds perforation. :Fe In @no fegon, on pout

pmnsor quo Ri uno citle tnt constitufoe cc dapj tales au lieu d'une soule d16painseur double, las coux

tales, arice h lrur pl,;s qranda souploose. pourront absorber davantaro dlenerpie mais il faut Stre trbs

orudefit cons cette vaie, compte tenu do ia faible resistance au C(o-hireofnt dos 6l1n'onts. minces.

Cu4'AHAU Dfl?, "ATEP) AIA A E1A'.EJ L:jd'ýANTE

La plIencho U~ ra~seoble un orend flo-bre de rdisultats obtenu% avec une cible de 2,5 Mm rpfaeisseur
encastree -ur un Petit cat6 qioiquas r~sultats evoc uno cible fortorent bridfs ont 6tt i out~s.

Nous evons dlais' lp-; mat~riaux on tenant conpt, A La fain do In vitelino do prrforation mosuris, do

le vite-s- tnforiquo dem perforation par cinaillement et der, criti-reg dP fracilite. Lee MsillPurS zisultatS

.,nt obtenu% avec Ilecier Vancolet 1;U6 traitf h 1./3L 111a at oeVcd lalliage boss cobalt Mb 2?5. L'allioao

base nickel W.asooloy ne olacp hien -alor6 une l6aowre frocilitA intororonulaire n'entrai.-ant cas do criouas

radieles.

"~.uniques esoli ant L~td effectues sur une cible flurcie superficiellemont par uns nitruration do

i~t - ri4paisseur vur Is face recavant la proIrctile. A.ucun avantaga et n4me plut~t una curtains baicss
de rfAistance a AtA oabnrv~v par suite de Is fraoilit', cu reAvtement un pau 5 l'ext.'rieur de l'i-oact, 1A

a* tee. d~for-stion- ant lieu car extension. on pout pa-nes: qiu'n tirnobliqum Is nitruration eursit aponrtAs
,r. evontage.

II , A " Z.,; "A

c~ lesw-t o r, s9~t -oalanc a I Iper- et ..'o cn-caroiqo, leg -atfriauw do masse so.Ici fique di 'ftrente.

oe~r'-iire goa-us. tnne &Is A 1'eni. asa ný tin -.r pleag-tt- faitipr..t anca-str's '.~ a P-n-
':aii rn jsii-* e or'vrarw- aqo -i- -aotnrisu A 4ailnl -a'se m wrv~it Alaventedoe '4u

=a,,!e tir-r !"- ealili -±Ii rt pi r .o~u~aCfld- ef ec-, 4111xar-e I-. !tot-a 2,cn-ý
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do seacco-oder d'une 10ghre froqilitd. Hion qua Lea fortes *paimasurs 6carteflt Los pomaibilltdo do ddfa:-
action A distance. cam matkrieux smetlont suptrioure aus sciosr at surtaut aux sciers lfl0mydab1@u auatdni..
tiques non durcis qui so trouvent trAn Pal plac~s par suits do lour foible tonue au cisaillame~nt.

Los alliaqas d'alu-inium ant lltvsnteaa d'Itre 6conomiquem at Is bion econtonire lea projectilms
-aisalei risquent diftro fortament bleseds h cause do lour trim bonne usinabiliti et do lour foible ý;uroti
lour ductilit* m~diocre pourreit Stro un inconvdnient larmquiLl y a des variations do rigiditf ou dlipoiaaour.

'eotte co-sparaiaon A mi.. Pass@ disevantaoq lalliaeg bass cobalt HS~ 25 dont Is dansitf eat I ". plus
#lev~e quo cello des sciers. P-ar contra cat al110ge trouve son intfirt au nivaeu do Is turbine per suits
do an bonne tonuf 4 chaud.

11am tirs ant 6tE exicut~o our des ciblom choufftam par un chalUmeauM an vum ditudier Ise coporttamoIt
daa carters Pais aussi des subes mobiles forgkos ou coulhos. Le plancne 12 confirmsa mmmi Is bon comportament
du N, .1- 4 7oot) at brIc*C. Lots easses sur matirieux pour oubes mobiles montront que In fraqilit64 h temperature
a-fljanto Ce VlUdlmpt 71L' forci slatt~nue tr~e fortemant 6 criaud. Ll~nconel 113 coulds eat fragile h tout*
tomhs.6rature molgrL% cotta fraqi2.itE, 4L~norgii obsorbts per le projectile est trbm supiriouro h cello quo
Von dkduit dU calcul do cissillealent.

Des~ tirs s3nt Ott offectu~s a-ir des plaques do 300~ - x J011l mm, rhalisias an coapositas do diffdrontas
Apaissaeurn constituAs do couc'a5- !e tijou do verre i!-prtqneoc do rfsinps IApoxydes.

Un ennstate (plancle I))3 co-,-a Pour leasaciors et aillaoqom cut la vitesse du projectile antrainant
Ia verlorstion mloun~-,ate pas ounni vito qua P~paisseur do Is ciblo ainsi gulil r~iulterait d~ufl perfo-
rati',n oar cinal1em.ont pur. lci encore, aux foiblai A¶poisseurs gui correspondent 6 do foibles vitessam
iJu porp'ctjlm, on "tserve d'i..pnrtantoa d~t'riarations du .ot~riau loin du point d~impect '013 sous forms
'ie dfI-ind:,a antre 1pq diffi-rentes couches de ti-.au. Auxgqrandas vitasses, Ia d't~rioration sot plus loac-
'Us$. et J'an pout censer quo l'Ana~roai abnorbt-e so rapproche du travail da perforation par cissillocant.
I.Ps easels -ormtrant A!7alme~nt cup Ia r~ristance de le ciblo augments lorsque pour Is ml,"s 1paissaur totale
in onasa 'Ie tmeA doug, puiq h trois Plaque- superponAss;. 11 apparait aussi quo les comapositms considirds
r~alisAn ave inenI- fibres cis varre I se prA-sentant sunsi bian qua Ian meilleurs mattrioux mitalliqums at
!Aoaqsent -AT& 10cý-re-~ent lPalliarle do titans Ti.fAI.4V. !I ant vraisoablable quinn faisant varier In
qiolit6 des fibres et do 1s r~sine ainsi qua Is nature at Is nosbra des coucnoes do tissu, on pourrait ob-
tenir des r's.,!tats sap~rieurs. 11 se-ble gu'il faill0 ruCharcher AIsl fois des fibres plus rtmictantas
tout er criftervflnt une curtain. aptitude ou d'la-insim des couches. Une solution int'ressenta pourrait Itre
obtanue em renfor;ant wna plaque de imktal de foible ipaiossur par du composite.

I.utrJ1.,,AI. Dt 144A2-TIuN . rPA!.IJC VI'.Eiý(

1no-as a Peru intiressont *fin de dieux comprencra le comportement mux impacts does ciblas, d'Etudiar
l'offet 'Is Is vite~ss die likfor-.tion sur las caracttristiques tEcaniquas do Is matitra. Dans ce but, nous
ajonr entrearis ý.r dam iProuvettss cylinnriouep, des asseis do traction A qrand. vitasso b 1'aide d'un
'Iiscoo'itif 6 aroalite : en vitessen. do df~formation 6taient comprises entra 10J-4/m at 10

3
/s, Is vitesse

aopijo*,ie :nan- 1iensai clessigue 8o traction 6tant voisin. do W-31/9. Llaxploitation a 64t6 effectude 6
cortir die Is cx'nA~otooreoniea a rande vitanss. Un conntate qua pour Ia plupert des mattrieux, 1a charge do
r~joture a tonnance 6 aui-ontar aux nranden vitessensalars qua l'allonooment reparti diminue ou augments
nuivant lei motAriauix (vajr plencnes 14 at Is)). Catta exploitation a Ett dicavanta car all@ nos pasn pvrcin
"i exolioumr 1e plu-ý ou -am's bon cosaportecent des matrieux constituant leam ciblam. 11 eot toutefois h
-t'ealpr que ieas lAfnr-ationn ne sint pas Qniforwes tout lo lann do li0prouvmtto, is mise en diplacacent
3e faisant crosrpniive-ent ovec oropacation d~ufe onle plastirque d'autro pert Is coda do d~formaotion
ni~iioCtion-rilp Pit tris% diff'rent lie celui den cibles gui est biaxial voire msine triagial au droit du

c-vmtoe! !,j rroiaCtile.

as-tl'orA-gentA, concerment le tjr d- Projectiles do I groceos at do 8 mm do diacitre our des
otmajo 3. ei~''ar ncas~r&en le 0,' '- d'Apainseur on acimr ou um plus forte fpainmeur lorsqu'il seogit

'--as t,ýiu. : rlu-. e'aibla mease ýrfificup. Is's perforation@ ant alors lieu pour des vitas~sa compriose
metro "-L et 'it , /-. Noun~ avon- -'ontrLi our. plus Is vitesal du projectile augment. moins le cibleo bsorb.
. 'Aneri'j N ri'stance at cuop .i In cible nes-t pan trop froojil, 1'Enornin absorbia4 enrrnitpond alorot ou
tra,',). 1P o-r`3ratio" Par cinailla-ent on poiný.ýnnaqs. 0'autre. conditions d'essain conduiraiant A ufl4
Jt..arixP om'irbaP -!*,,tant p~u% irende Qua Is cibla pourrait soe dlgfor-sor 4 dintence ; I* prabbmec so

-ioscot ris facult#-s le dtfor-ation d'una cible m.nA,'owont nomn eulament do 4a ductilitfs at do ma
e .xo*-.1 mu~aj 1P is itesqo du prnvjactila. En offet. Ion forces delnortis do Is cible

*ppnan5 auxacv-r.1! 4 'srenc vitOsOz% quo vaudrait lui i-ponner Is projectile. In plus da l'Energie
or-nsr!-A- oar nras.intorvient alevs in notion d'flarois do wise. on .ouvawnt do I* ciblo. 

5
Aux steande

:---------o 'na-i-i0V-O tr~a importento at !Out so Donee eir"-o si Is riaiditf do Is cible suuamettait.
* Isam rltlt1s~ or,'-Vnt~o ýiamroa ilIUjltro Co p-A 'o-nOp



L'analysa Cos conditions dleaoais oat smiple iorsque Pon considbre Is perforation per clsi 1-5n
an offet Is vitmrsa do perforation so d~dult do Is formula

112 my2  - 0.66 ok. W d a 2

ti on considbra dos projectiles as dimansion Variable main homotm~tiquas, lour mamsemareil owac Is
cibe des dimangions. Le vita... do perforation prend *lare Ia forms

V2  . k 2 ou encore V praportionnel & a

d2 d

a raprdsafttaVt Is dio-At 10 du prOojctile ou si,,piement une dimension lindsira.
:1 suffit cmini doauqssflte 116poiesaur do Is cibis dena Is n~me rapport qua is. dimensions du projectile
Dour conserver Is w~me viteasa do Perforation oar cisailiem-ant. Comes doen ce coo I* cible dvwist plus
riaida cn pout slattandr Lon pretiq&A6 A uric plus foible #nerqie absorbda per diformatiofl g pout 6vitar Is
perforation LI ast done nlcossaira dlauqnanter Vftaisseur do Is cibla un psu plus fottsement quo Ion dimefn-
sions du projactile.

I orsquo I 'on vout comperer des ciblas do mfnm ,a,%e main do mamase spcifique f diffirefits, 11 fout
can's Is for-uls pr~c,4donts motor quom idptaisoa.r a vais Comins . 4 / nerqim abusorbia per cisailismant
act slats proportionnali. A R/Fl. oraeidour particulilroeant fiavia pour leem atfriaux A foible dwerst6.

-jr Is plancle 11. lVexpraseLon 4*2 Gui vanea comrma Aft/i'montr. Vivalution de Cette grandeur POUr
ýon -'atirious conSid~rds. 4ionaions 6 ca propos quo lws ailiagos an~slnmur. iitrnium encore plus Mooare don-
narsient des velourn a. rdmistarice au cisaillauent tr6% supdriauras.

Pou~r uns 'eiibaure precision don* Is calcul do ILdnsrqio absorb#@ per cisaillement, il nerait is~ces-
%&ire cleffectuar cps wasais do voiN~onnaqa A grand. vitaess mali Pious posomns qua pour dos matiriosu suffi-
samment ductiles notre estimation J066 Pi pour is contrainto do rupture per ciasiileuiant rests acceaptable.

Llestimation do Vdfnsrqio obmorbde per diforisation 6 distance sembia difficila attaindre per is
calcul at Pious avron, vj qu'Iell pout Stra S, foim plus 61ov~a que 11tnargim as poin~onneas dens Is cam des
Cibles do foible 6paisasur. La Q66litf 6 racrarcier pour una cible ast uric cmriaro do rupture dlevda allida
h un Won allonaaeant rdporti. 1l~lamnisment localinc& ou droit do Ia striction ayant pou dlinttrdt.

P.ouR avomn, paw porlEt desn ruptures, fraoilon qui viennant limiter I'Anargis obsorbds per Is cibla car
les tirs avec oro'actile poontu sont particulibroment optoot h mattre on kvidenca Cott* fragilitd ; gr~co
A con ossasis ii ait tr~n facile d~fcartar Ion matfrisux frail~es A 11ivaect at il West pas nkcassaire do
rechere"or una corrilat ion antra catte fraoilit6 at des carectdriqtiques mfdconiquas tolls. qua Is rdailianca
3ur eprouvatto liss. at Is ductilitd dons un essasi do traction biaxiels.

~ "A i~g. WA LA 0111~ 't. CauTRi LDiVA'T CONFENIR LFS AUBE5

Laonem~bla der, anssin prisenthm at lour analyse parmettont do ddiqaqnr qumiques id~as siirrPlas pour I@
conception des carters, On a vu cosbion 11 ant important do raclinrcher par tous las Mayans, h ratarder Is
pprforation per cisaillerent an favorisent au maximumo I'abaorption dd6nmrnia Dar ddforriation ou, dons Is
cas da rathriauw composites, per d~lominso..

"3-jur "ratenir" ls subes% evac un Carter da manse mirimale, ii est ndctassaire do rendro le Carter I.
clus souple possible h Is manitra dlun filet. an 6vitarit au maximum tout co qui pout apportar do 1. rigidite.
Llid~aI conislterait on un cylincre d16paisseur constants ou 9voluant lentement. relif do fagon scupla ou
flottants A Is structure isis la tachnoloois a'ooposa gdndraeoment A catto cnnfiouration. Los brides devront
Stre concuO,, avac Is minimum do rigiditdg, oar example qr~ce A des festonrisoos, at evec un raccordomont trhs
procressif h in vartis cylindrique car touts zone rigide favorise I& nerforation per poinqonnane.

Larsaue des renforcemont% d'epsioneur sont h prdvoir sur un Carter pour contonir laq aubee, Is r~par-
tition do cette masse doit Itre utiliske afin do niveler ou mioux Ire dpoissaurs an vue d'eboutir A uric
riqiditf plus uniforms. bien nouvent, il nure prtfirable da concevoir un Carter d~fpsiassur minimfal. assurant
4unte les fonctions toChnoloqiques at adrodynamiques at do prdvoir A l'exttriour un dsuxitmn Carter dlepois-
sour constante A suspension soupim constituent un v~ritable bouclier. Catte solution apperemesent lourde car
dekr, t8las qftarfen abnorbent moin. d~flsrgio per cisaillenent qu'uno t~le unique d'Epainssur double, presents

laevantago do favoriser 1. *pi*9weo*a des projectiles dons isriceinte comprise entri lon daux perois ou
lieu do las consarver den Isvein. eovc Ia risque do provoquor Is rupture do tout I'subage ; on outre cetto
noiu~nore u na rAs bon absorption d'Lnargie per difornetion du boucliar.

ta ces d'un Carter on daux parole montre quiLl me euffit pelt do contonir lea projectiles per un
Carter unique parfaitomont r#Aistant sans so pr~occupor an l14vocustion des projectiles. Le problbm. doit
9tre owe iii' sur un plan plus iEnral qil d~bords do mattea tude: an promant on compta las phdnomanes do
d~st'riorotion en cascadea t do bourreqo sinsi qua lea possibilitfn c~orionter Iee projectiles da"E une
ancainte ou dens uine nirection oý Lisi no %*Taient pas danareun.

-Is suite 1'esei" te-acnolnoiues tr~s i'-,les do modolit#s veritsea "sin offectuf- cur uris arende,
UversiVA n* matdrlaus "ou% evnn ou une maniA: tr"1 creaatioup -Mroenr um rartoin no-bra d'id~l"



qi~pig., 00ur vqer do Vocotltudeds ca etftieus A bien r~qisto, sun impicts doen Le d~omoine des vita 4eco',rises antis -14 C? t r at do Pi-porttnce des offets do rigiditf at d'Inertin de !a cibi.. Ce:s
q,,o~q~os notiOns doivet servir do guide b loini~dniour c-arqf ds cftojsir Ion ottiriaso. et 110% conceSptionl%
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DISCUSSION SUMMARY

J.(;.A Me

Prior [to f ile starl tit lthe dm4:ussors. lthe nieeting was prisalcdged to view .a US Naivy fluau on the nimpact dAniage
it, Ad,:il want-.i1. kindt.1 loaned. b% %It 1I1: kcirn%. (hairinian of the Structures arid Materials. Panel. Tiia fimn showed
the kind of battle diinifir wlojii hai, been %Ustained on) file olderf tye FVOf aircrafit wings wfith light -,kin% stilfened by
riseted %tringers twer j sub-srtruuir oitfrib% and spirs I his tould be i~onijimed ^fith lthe danmage sustained on inore
itatsiern wings., fith haicir acskin% on a lighter %ul,-strucdurc. a% demonstrated on a test waing which was loaded and
thenf ltiInp cid by 1crepresetitase pro1Jei~lles Ilhese tests showed JeazlI that catastrophic~ failures could occur it
the iiiitiaall applied strcss Ieserl As% high eno~ugh. so j% to reduce lthe oorresopondiing critical crack length beow that
produ:Ced 11% fihe projedile illipact.

DISCUSSION FOLLOWING SISSION I

A~cy 4"norig I would like to stiart thle discussion period by reviewting %time of- the things we heard in today's
presentati oll%. I lie importance tit establishing a design methodology f~or design of impact damaged structure was
emiphiasiid ind it was pointed out that tlais should be done within existing structural integralt, procedures. It was
also menutioed [hat %crit ied analynial miodels mnut bc made aiailable f~or use in design. These modelics include
daiiage prediction and residual strength prediction. It is important that these models be formulated in, ternms of
thec parameters used in design. f~or c-,aniplc n:ttMerial %election and geometric definition. We heard some good examples
today of, miodels Which reflect thil. Hut lthe miodels must also reflect the threat parameters as this is the other side
tif the problem. I hese parameters include thirvat type and conditions of' engagement.

In lthe presentation today. we heard descriptions of' several analytical niodels that can be used in design.
including.

(Ill hydraulic rant pressoures.
(2) structural damage due to blast and fragments.
Of1 finite element applications.
(4) overall vulnerability assessment

All of these are lthe very things that must be addressed in impact damage tolerant design.

There are several interesting thing% that we did not discuss this morning and I would like to mention some of
these for your contemplation. One is criteria for impact damage tolerant design. Fom exaimple. operation in a
hostile environment will generally be determined by a procuring agency rather than the designer. But assuming that
such -operation has been spvcificd. how do you formulate this in terms that a designer can use? Hlow should the
criteria be f'ormatted and what should he specified? It's clear from today's presentations that the threat is important
and) this mtist obviously be specified. Also the conditions of engagement. i.e.. projectile velocity and obliquity.
affect lthe damage size. Consequently. i riteria muist address engagement conditions. The load acting at the time of
damage imposition i% a factor that nust be specified, as well as thle residual strength required after damhage. There
are interesting and timiely quiestions that can be asked co~ncerning the appropriate way of specifying these criteria.
Should they bet specified in probabilistic form, for example. ort should worst case conditions be used" Should youi

require survisal against Worst case damage ;andi worst case loading acting sinmultaneotusly. or should one bick-off
from thisl%.'

Another area not discussed was repair of' structural damage. The airframe is always damaged to sonie extent
and lthe question of repair criteria becomes% very important. When a damaged aircraft return., to base in an all-out
war situation, under what conditiors can it be returned to service and what conditions dictate repair? How does
the structural design affect the capability to repair damage'.

%ct did not disouss penectration capability hilt we wtll htear a goaxi deal abouat this during tomorrow\s session
tin enigine debri% the tluctio-t~n tof xhethier cor not a proiettile penetclrtles an element oif structure is an extrenlely
itimpgrtant aspctl Voith tit srtrua tural saalnerambiliiy ind (it oulnefAbility in general. hiowever. there ire subsantlial
Itaij asaotmble foir predimliting pnerartiaon In aimiraflt matriaLk b5~ bullets, at least. sot I think it was arlpropiatrue it,

',fln~rntfjte on otharf areas otlaj

And atinjlh I toooufd afrtesutr in% .4wmvrnfil sNiu mmg4l hiisr towhcsnmng Ithe tontent and lrinmu of1 the
tI,'Itli 04.Im"ca -. 0 llmpad 1kijmjp t.+-iamr '-f St%Atrutus-. imiloh 0% wtaftell borwq prhwparr



IH&AA ERLt: Relarding ltIe threat. fill% depends on the proect nmanapr% view of the uag intended for the
uarrianc At ORL. we have taken typical battle rieki scenansu and used thewe to develop criteria that the aircraft

Inust mleet Kit e'iArnple. if the attacking weapon% were a certain distance away we would know the %lant ranpr
and therefore tile %eltmit% %o we hlue required ti certain depec of invulneriahlity to projiectiles at a speciufi slant
range and vsr have %cek,. td .a %irietv of attack olrietAtionms I'm which the aircraft is evaluated.

.4vy toI Ni: I hen I think an Important consideration is. having done that, how does one formulate this into
a criteria that a designler can utsiic

lim&e SERU: %ell. damApr can be estiated analytically ort fromi tet f-arings, once ihe engagement conditions
.ire specified %r require knowledge of the load% in the stringers. longerons and %kin, and we compare these load%
with %trmwss cakculated fromi our anal% .tic.al methm1s And require that tile ancralt avoid catastrophic tailure It's
raarl% vass ltt follow tfil- procedure

AvM~ (Sueingl: 1ls% tud sonme experience with a criteria specificationi ol* this iiature- Ai III- projectih? threat
vh~as specifited It was also) spvcified that tile daniatia lociation and sate wias to Ke the niost severe case. In addition.
d~amuag wa, to be uitlicted during a 4 -S manuever. and limit load resadual strengths capability was required. Filially.

2-hr rtur-to-base criteria %.is imiposedt flu% criteria is pvcifi enuh soi that it allows a designer to produce in
Jirt raJame that A ill %mmph% prosaded hie his sufflicicrnt data tgi %%capon termnial effect% and structuiral responise to
ba.Iahta nupa11Lt. In fhil Partic.ular :asc, the c:rilteia sg1ecafied imposed a MY: weight penalty.

thec poin~t thiat I'm dribing at is that 4ll design is driven b% criteria. that are hopef'ully %pecified initially. If
impact daimige tolerance considerations irec cr ito be incorporated into aircraft designi, criteria mul~st be effectively
frtt'n itcd and transmiitted ito the designer. I think there are: many questions that must still be resolved cottixri'ng
the deselopment and imrpleiientatioii of' criteria. Probatsly what mlut be done is to initiate studies to establish the
et lett ut aiiipact damiage criteria on aircraft weight. cost and repairability.

Harpur IHAO: ()t ~rus.we 11i1%C a %iiiilar situation regarding oilier types of' damage. trin thinking of' the
tail %iak criteria tor iirciaft, Rathier simple criteria have been formiulated saying that thfe aircraf~t %hall sustaill loss
ot a single prinrary structural element and then sustain XM' or 100'; limit load (depending upon which side of' thle
Atlantic 6you happen to rcsadec i. I don't know whether such simple criteria can be applicd to damage from projectiles.
1 has~e a rallier unpleasant teelaing that one could have %cry complicated criteria indeed because of the variety of
possible threat,.. It', likely that, it one attenipt to cover these: in an overall manner. the designer will be faced with
an almaost impossible task. I wonder if' any one bias any ideas toward developing simple criteria. that mnight at least
sa) that aircrae" A %%as a% good as aircraft HI?

Squadroni Leader Perry tRAFI: My interest is miainly in the repair of battle-damraged aircraft and we have tried it)
estjahlishi %om.e simple criteria to assist us. hfere we have to take a returned aircraft that has been damaged and
determine whethecr it is lit to 11%y. .MSy concerni is not with the vulnerability of tlie aircraft. %*fat we hope to do
is to produce a Manual for the airciaf't mainctenance engineer to use. We have decided tor tile European war situation
we %%ill only rztquirt a miaximumil of* 201 sorties and we will accept a degradation in airworthiness such that we have
an ultaimate Lictor of' 1 .0 rather than 1.5. We assumne typical damnage and we aim to specify the maxiimumi aiioiint
91 damagec that the aircraft can sustain without having to be, repaired, using simple repair techlniquies that we plan to
deoelop. We have three categories:

411 Aircraft will be periniltted to fly with a reduced %iaf-ety factor up to its full operational envelope, say 7-g
for a ground attack aircraft.

f2) Aircraft ci'ns just release its load, say 3.5-g.
0) 'the final category. that would just perimi the aircraf't to fly back to a rear repair base.

So we feel that thost: are rather simple criteria andi we hope: to produce a tMsign Mlanual in about a year*s tiime.

Avery llllehqg: This work on repair would be ot value for inclusion in the AGAR) tDesign Manual and we
would he very appreciative of any information that you could provide.

%haw fRAFl: I think the mostl impcirtant reasn for includinte repair in thle A(ARI) sudy os that it% not just
i miltter oti repairinge dinAmage rather the inapuirtant tonsideration- a% It, reduce the rcp~mr proiblem¶ : hr-.;fuo. reducing
tit Ii te t' -r*.I th tie d mag it ist c
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Awcn t8ue*u): That is a vcry important point.

Squadruat Leadur "uv (RAFI: Another point that I would like to make is that we don't want slightly more damnage
tolerAnt aar~raft that arc miuch mor~e difficult to repair. lioncyconab. for exampk. is nearly impossible to repair.
Another fiing! that At. would like ito sec re-adopted is tiw transport joint. liei saw the skin/stringer configuration
int the film and those aircraft %ere ill constructed with transport joint% and structural elements were easily replaced.
I nifortunitc1%s it %Celnis that Itodas all aircraft arc miade in one piec.e and this make% repai~r difficult. If we look at
sonmethintg like thle Ilirrier. &wh ihas operating away tronm tile main biase. thle amount of available facilities is extremely
Iinitted and we swe cannibalization as an ceflicacut inein% of repair. "I he I lirrier wing can be remioved in a matter of
hours. I his wa.s not tile result iii battle damagpe consideration~s. it was done to change the engine. but it* it can
be done on a weight consciousu .irp-flane like the Ilarrier. then it should be possible on all aircraft to change all major
%truk.tural elemnitst anti we %cc thil a% an important consideration in repair.

Aevm lBoeingl: %hilc we are onl thle mub~cct of repair. is there ainy comnment on fiber composite structure concerning
its case oft repair relitist' it, metal %tructure' A% tar as butllet impact is concerned, composites tend to show localized
damagle. as opposed it, thic reponse of' a niaterial like 7075-16~ that often shows substantial cracking well beyond the
impact point. I %ould susrect that this one factor might be an advantage, i.e.. %maller damage size. B~ut damage size
Is not (tic whlole stor-, b% il% means. because one nitist consider the technique or' repair and even the question of
whether repair is esert feasible in fiber composite primary structure. There ha% been somec research in composite
repair. eseni including tile desetopmnent of a field repair kit.

-Squadron Leader P"rry RAIF I: I Ilii' is ixi-tainly tile thling we are looking for. lite are looking at thle possibility of
using coitposat.s ito repair mletal strutwure. flow practical it is we don't know.

Haskell IBRUt: Do % >ot think there is enough data available onl repair of composites to include treatment in your
DcleigrlMn Nlinu ( onsider blast damaige. for example. that might rip off an entire panel.

Ascry Iboeingi: I agree. At best, all %e c:ould do is mention what work has been done. Actually, in all these areaS.
we .re t rN ing ito fiut asaialahle dati into a lDesagn Manual that will get wide distribution and will hopefully be placed
on ithe dc-ogicnr* bookshelf.1 If !irce\ lack of data I think it will be quite evident and making this lack visible is
ano t her objectic of tittlie martuiia .

fItrpur IRAC): I woold tike to add it) that, in that I think thle AGARI) Manual activity should be a progressive
thing,. So that %tibsestuent inforimation can be, added as it becomes available. As of today, we don't know everything
Jh 'ut tfill is sbject. y dany me~ans.

Avery tkoeingi: I hid a tquestion for Mr Slassmiann. concerning thle relative performance of honeycomb structure
%ersus skin stranger structure tinder blast attack. As I recall, as far as panel deflection was concerned. the differences
betweecn thl-- tw %ias insignificant. Do you feel there might be a difference with regard to failure at thle attachments
to spars andi ribs. Uould thle stifler. conliguration transmit more load to thle attachment% and induace a failure there?

Nlassmann IlAHif: I think tile stiffness or the panels is not important as far as thle loads transmitted to the rib%
aind %pars is concerned. You must earn thle entire load, so perhaps ,oul may have an altered distribution, but the
.iserage %aluec will bec approxiimately the sanme. Another point is that the load distribution can be different between
honeycombh panels and the stiffened panelIs. For example. the ends of the honeycomb panel can be attached
differenitly than poss.ible for tile %stirtned panel. Stiffenedi panels can be riveted separately, a practice not leasible
with fumes ' -1;i.b panels. I-or d.4itage tolerance. it as best to have many panels and this principle cannot be applied
w ithihncob

Avery tflewingI: St, %lots feet that oilier factors being equal. the inost damage tolerant approach is to use stiffened
*,kill rat tier thaii hr'i~.o i.an tregara to btast response?

Mtawnailm IIAIM, I ithink so. t here are additaonil ete swith hovectomb. h-or example. with a tu/e dela%
-' th.u ?ht ,%v.f- 1Jirka *s.~urs 1`xtwee.n tile lionestornh tasesheets. %er% large darrage results INhi domesnt occur
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Perhaps I may make sonic other comments regarding the strtwiturai design. In wing structures. for example. it
is tost uimportant to investigate dantagei tolerant configuriations. A two spar wing with one spar destroyed has very

*little structural capability. If you increase the number of %par% you can obtain improved damage tolerancer. However.
it the additional %pars result in spacing thati s too close it is possible that all tMe %pans can break. So there is an
opaa~immm value and I think these values should be in the design manaat.

Amy~ 411aeligii: I agree. I've done studies of this sort, and this can be a big factor. It also involves- coinsidering
the size of daan4e that can be imposed by the given threat and superimposing this on the proposed configuration
to determine how much o1 the substructure will be damaged. Now. when you mentioned inclusion Of this in the
D~esign MAnual. did you have in mind actual numerical results from studies that you are aware oi'. that coul~d bec
made aivailable, or were you thinking of a more general treatment desc-ribing how such studies might be conducted"

Manmaaa 41ABG): I berlieve there Are sonic existing results that could be made available. This might he supple-
mented by new calculAtions.

Avery Aubocingi: %or did a brief study once on the effect of number of'spats, versus the weight ;wnalty associated
with making a specific wing configuration invulnerable to a high-explosive projectile threat. The weight penalty was
rtduced %utstainiiilly in going fronti two %pars to tour %par%. However. the weight penalty began to increase beyond
fowur %pair%. i.e.. the penalty *a% larger for the S--spar contigoiration thin for the 4-spar configuration. The reason for
this was thle tadt that the threat could severely damage twi) spar% tin the 5-spar configuration, becaUSe of- the reduced
separation. A% we mentioned this morning, thecre are at looas, three design techniques that can be used to improve
structural survisabihtvy. namnely- reduce the probability of hitting critical structure, unpiove damage resistance, and
anaproose damage tolerance. I think thle example that I've just dliscussed is in application of the first technique. i.e.,
rediucing file Ohianco of' damaging critical structure.

Haskell fBRLI: I hase two ques-tions. tom- toir Sir Avery and one for MIr Kardels. In your paper. Mr Avery. you
referred to damaige resistance anid damiag.' tolerance. Are these exclus~ive ol onec another, or is damage resistance or
damaige toleram :e ultinmately thle imore important? It may he possible to get an unfair pictuirt by attemlpting ito
asses~s damage rcsistance relative to damage tolerance. Is this what you were trying to point Ouit. that the end
product was really the damage tolerance and not only the damnage resistance?

Avery I Boeingi: No doubt about thiat. With regard to strength. the key factor is time tolerance, as this is the strength
of the stricture when it contains a specified amlount of damage. For example, a classical miethod of' improving
damiage tolerance is to increase the numbeir of' load pathis. The firmt priority is probably the improvement of damlage
tolerance. ((owes er. you can also improve survisvability by improving damage resistance. because this reduces the
size of thle daunage. The oilier area where damage rcsistance is inii,)ortant. as opposed to damage tolerance. is thle
consideration of repair. because a large factor in repair little and technique is the size of the damnage.

Haskell IBRL): My second question is for Mr Kardels. In your paper on vulnerability analysis, have you performed
a sensitivity analysis oft the relative effect of the various aircraft components on total vulnerability and can you say
anything about thle importance of structural vulnerability iclative to other systems such as fuel, crew and so on!

Kardels IIABGi: In general. I can provide yoti with these results. In my paper today I only considered the wing
area. It is possible !o say,, in general, that out of miaybec 301 percent of all the simulations that we have made, we
have failure within the cockpit area or the engine area. That's; pm-sible. We have incorporated in our model over
31.0(XX components, where a component is. for example, an actuator, a hydratilic line, a fuel tank. These are included
in the fuinctional diagramis. sauch as I showed for tile hydraulic system. From these analyses you can get an overview
about what happen% if any component fails. But today I have no specific result% to show you.

Shaw ORAL): Analvsi-. of all available combat data fronm UK experience shows that structural damage has tr-aditionallh
Ow'en am wiinor caiise ot ltiss, something less thtan S' '(he mnajorits' M' aircraft types considered ill these statistics
were onmsirtictetl oh time old 'D~ur-al' allos-.. but .a large nuniiieuwr were contmruicted of high strength alloys and there was
f1'mi .mtmumuIM 11i.it tile loss% raW was goilng to, in%:crase dime ito fthe use oil these low toughness alloiys. Rut, we've Pot
to, ri-....gr,.. that there are a irtnumber ol %cir..unutIano..e that couild resuilt tin a higher 4ttss rate due ito sitruct ral damage.
II, ticirsi is t11C ime.in tow I' IramtullrV u1mliepness miaterial. the seccond is mnaptpripaie domigns that tail in' inhibit the
,-nse-tumve )s t t'ntilent'ss. inl ithe th9ird is ?litt.' fctf.'imncrt exitolivare it, higti-cr'nergi %%capmns cttt'ts



Squadrumn Laader "uv IRAFI: I'd like to take' that a little further. In your summary. Mt Avery. you said a
saigaificini portion tif Iosi %were attributed It, structural failure. 'Aould you ~ate to elaborate on this*'

Avffy ibueiqi: tIn that regard. data ire normially reported an tera'is of major s.ystena. such as structurc. fuel
ss stein. flight controls. and so iorth Is pacall% t,. noingle: svstena iixi'unts for more than NY; or 3(Y' of the litse,
so, this places thing% an per pectiise. I'mnijot sure how one determnines thewe things. Hydraulitc rain. for example. is
thiat .a luel ssi stmfiluie tor a struciural failure' It'% both. there's a bag, Interaction between them. It' hydraulic rain

di isir reduced. the probabilits of tire ort fILC starsation liecotines much less. InI another %cenw. almost an~time
a proiectale lvn-.'tratc% the JIrlFrame. whethier at Involves a hydraulic line or a control line ort a pump. there are somec
.ispe:I% oit tile hvpc of tccliiiokog that we have doscussed tinder lthe lopic of structural damage. In other wotds.
thiere* in Impact. a penetration, some damiage. so in that -sense there:'s a great deal of iflteric~liOn that rnas' not
show up In %tatMiCtS.

%ummmau iIADG.i: I think thewe values deps'mad on [the combibt satuitiomi, the amount of damage amtpo-wd by the
threat, and other factors. Xlr Mlaw nientioiied the figure tit 5';. ('an % ou descrabev which kind olt wing design. threat
and .:omibat %itaiation corrcsponds to your figure of 5 ;'. I think it's highly depenidint on these: paramteters. and it's

himptirtant it) know *hcht Inputs yiiu haive used.

Shaw (RAH.: I hewe analyses were conducted on all available comibat data. 'I hey took in all types oft aarcraft that

are on record. both copper and zinc Alloys of aluminiumi were included, a% well as two-spar wing% and miulti-spar
wings. [h le reas.on why man% aircraft constructed of aluminanua-izinc: alloys didn't prove to he structurally vulnerable
%%as because they were fialti-spar. It wa purely fortuitous that thecy didn't suiffer. since thcv, hadn't been designed
tor that particular reason.

Avery (Boeing!: I think that's a good poant. Another comiment is that more stringent design criteria concerning
weapoun threats irc being iimposed Prsioaisly. design criteria might require resistance to a 0.50 caliber bullet. whereas
nlow tile high-esplosilve Projectile is. considered. From the design standpoint this makes a big differene and will
enihance the aImportance of' structural vulnerability.

Squadron Lcader Perry IRAFI: We're very mutch concerned with trcnds% in aircraft design. The big!'cst factor is the
change from thc concentrated spar design to the distributed end-load design and none of Mr Shaw's statistics would
Include any of' the latter kind. Virtuaully all inilitury aircraft today are built of one top skin and one bottom skin.
and as we saw fromt the, mimic a sangle projectile can cause this ito un/ip from side to side. We are concerned that
we should get away' Itron this kind of' dI.sign.

Averv f~oeingi: This leads us back to a discussion of faber composite applications and I wotuld like to clarify some
statemaents that I inade earlier. The fiber comiposites. i.e.. boron and graphite, have generally poor fracture tou~ghness
characteristics. 'I lacy are comparable to a material like 7075.Tfr. So in Lising these nmaterials. a lot of' consideration
his to he given to configuration. You would probably never uise a monolithic configuration when battle damage is
Important. simply becaueC of' lthe low touLihness. 'Ihle fracture toughness of' the composites depends on the orienlati~n
ot thie fibers. i.e., the lay -up. A balancecd lay-Lup has fibe~rs in the 0. 45. and 90-degree directiens, where thle 0-degrec
direction would correspond to the span of a wing. The ± 45-degree fibers carry the shear loads in the skin, and the
')(-degree fibe~rs assist with the internal pressure loads. The 0-degree fibers, of' course, carry the wing bending loads.
'Ihere is suibstantial evidence indicating that lthe presens'e of" tile 0 and 90-degree fibers reduces the fracture totughnes's
of lthe lamminae. Consequently, in applications involving battle damage criteria, it might be best to separate tile
t)-degrec fibers from the skin material by concentrating thenm into the spar cap%. This parallels, somnewhat, Sqtuadron
Lceader Perry's coiimment on design approach.

raig tRACt: I'm very glad ito hear tism comment, which is an approacha I have advocated, i.e., the use of' composites
tit thos sort of old-fashioned nmode, of splitting up the longitudinal and shear load capability of' the malteial. I agree
with this so mnuch. In fact, I'm convinced that, if Squadron Leader Perry is goiing to convince the requirements
people that a rettan it) lthe type of design when' bending material is concer'traled in spar cap% is warranted, then lie
I% ictually making qliie -a strong cawe for composite materials. Hecause, within the tither constraints that we have
InI designing moqdern aircraft, we ills haven't the space to go back ito that type tih design. We've betrn forced that
%%a% lsit-atias tfit rfiormance reuiremiitents. in miany eass' against our bettef iiidpemcnt and the one way, oft rew rsng
fill, is thrtirngf thle lose tit fiber ripst'

%qiaindrim leAdei PemIr HAt-I I think Ilia.u mv misa'.ti ,'- the r%4ivtjah j.4''.'t, A t! this It isa 4-nI% m

*''4.-~ i VtI'f~ thr, r-4a.s -I fisht$1.~ r'-P."ns :hJi 1 ir It, K41W RA hid A v.u i 141firqt'tkatr' oll lustth



damage repair. 'I he hig need was alway% to deliver the weapon. while now we have to operate on the battle field.
And I think that vubner~abdity and repair will tak~e a hightr place in the order of thinp that ha ve to be balanced in
an aircraft design. So while designers may have been forced a certain way in the past. it may be that thlings will
change. so that ur consider vulnerability to be even more important than performance.

hties EDwookl: I have a question. which has been partially answered. D~oes the case of thle impact of projectiles
oil uircralt under high load factors exist in reality'! Ili have studied this in particular on the Mirage 1-1 and have
tounid one part that might he partially destroyed by modemn projectiles ignoring Or course large shells.

It weets to mie that, it one wishes to destroy the structure. the effect% of blast are nmore effective. not by the
destruction of small elemnents. but rather an overall effect caused by in explost.on a long way off, such that thfe
hla~i %ould iltect flthe whole winj; or fin. Is there any information on response to %uch explosions?

Maskelil IBRLI: fIn order to destroy aircraft at a distance by blast. there has to be a rather large explosion. Greater
thin thew, %mall or medium sa.,e anit-aircraft proj~tik-%. I'hese would have to detoliate within s-everal mieters. A
nu~clear 1,tait can do this of c;ourse. Hut to use blast to completel% destroy- the structure one must have a very large
quiatflty o.1 *xpitnise. Surface to air rnt%%iles can do this. if close enough. But you need a large amotant of explosive
to destroy an entire %ing. for cxArnrle.

Ptliu IDammull: D~o you think a harge of several tent% of kilograini would be suiflicient?

Hiiikell iRltb: %Aell. it depends onl where it's detoliated and on the structure and thfe material. For tens of kilo%

the critical dtstance could be. say. ;.t thfe order of 25 feet. D~ot% anyone else have any information on this,.

M4asunatn tIABGI: I have no turther comment. I agree with Dr Hlaskell.

UaS IBAC): I wanted to go back to a slightly different aspect of tile same prohlt vi. Mrt Haskell indicated that
many smiall panels, particularly longitudinally divided. scenmed to be the answer. Bu~t does there came a point where
it is. in tact, tlie longitudinal stifflener that becomesý a risk rather than thle individual pancl? I should think that this
must he so. So is it possible that it is aetually ain optimum spacing that we are :.ecking. rather than a minimium
%pacing?

Haskell IBRLI: Certainly there is an optimum and this depends on the individual design specitficatlions. There are
solni designs now that are quite good and quite light weight that have miany stringers rather than massive longerons.
These appear to have good damage tolerance. When you ask if there is an optimum. I agree that there is and my
calcualations favor an aspect raiio or 4 to 6. This is apparently what structural designers have determined, based on
struicUtual integrity requirements in general. So a good aircraft designer appears to automatically achieve good blast
damage tolerance.

>11la~mann (IABG); If you have an outside explosion, thie pressure amplittude is the same whether you have very
large panels or very %mnial panels. Hilt it you have an internal explosion, thfe overpressture is govertned by thle volume.
It' you have an increase in volume you have a decrease in overpressure. so I think thits is an optimum for internal
esplosion.

Harpur IUACI: I wAsj not too clear from ttir %Ntasniann*- paper tfil morning al-ut his nmention of %etiting areas.
I belicse lie showed thai tile internal ovcrpresurev %a-. affected considerably by thfe %enting arva. as, lie suggesting
that tfisl W.Is all area of thle structure that might blow-otffallowing a pressure decay" I'm not ltoo clear onl tile
detiniftion of venting area.

%lmav~unn I IADG: %A len a prtitcoitle roe% inside a sollunac a hiole is created it the surlitx Ihis i- the senting
.13d lBut this %sentinp area is. tarpxt Owni the prowctilv.

Harpist BAP 1, flthisn es~antple &hct at Atsiild tic i rgod idei it, hiss- 14m taaamage re-sistcineli1% mnt Al % tha
ijf .-nStiiinl seci pusidrd the siutulim h.4ds togethet
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Haskell (BRMI: We have found in most of the general structures that we've tested, that there is sufficient volume
to absorb the blast products and that it is not necessary to artificially vent. We've found in helicopter tail booms
that the cluasi-stati. pressures caused by the residual gases was not as significant as the blast waves, since there was
sufficient volumlne to allow the products to expant without adding to the blast wave damage. Of course, this was
true for a specific case. Obvi,;usly the structure can bXe over-matched.

Harpur IBACt: This suggests that designers should avoid the use of solid diaphragms, and use open-braced ribs
instead.

Coombe IBAC): One must remember that once the projectile gets inside the structure there are many other things
besides the structure that can be damaged leading to adverse effects on the airplane. It's really survivability that
we're talking about. It's no good dealing with larger amounts of damage in the strucutre if there are other things
about that will lead to catastrophic failure of the airplane.

Avery lBoeingt: That's a sery good point. I think the thought there is that if we do have larger thr'ats and larger
dainiags. then not only structural vulnerability increases in importance. but also the vulnerability of every thing
else in the airplane. Perhaps in direct proportion.

There's antother aspect to the imrfact damage problem that hasn't been mentioned today. That is the loss of
stiffncss due to material removal and the effect this may have on the flutter performance of the aircraft. Nut only
do we have the possibility of strength degradation but also the possibility of stiffness degradation. A structur,,
tilneraibihity assessment must examine this failure mode as well.

Another topic concerns the use of finite element techniques in battle damage applications. The basic problem,
of course, is to find out where all the loads go after elements have been damaged. The finite element technique is
used in structural design. it is an available tool, and it's readily adapted to the analysis of damaged structure. In
addition, it olfers the opportunity to, model damage in ways that can lead to accurate results. Programs such as
NASTRAN are readily available, and/very airframe manufacturer has programs of their own to apply. So I think
that finitc elenme•t applications in damage analysis will increase. This bring% up questions concerning techniques.
What are the best ways to model the damage? What are the best ways to represent the structure? What simplifica-
tions can be employed? What kind of elements are best for damage analysis, and what type of programs should be
used? For example, should one use programs capable of dynamic elastic-plastic response, or should such programs
be used for local analysis only. and combined with a general purpose program for load redistribution away from the
damaged area' There are many questions of this type that must be answered. Does anyone care to comment on
finite element techniques?

Petiau (Dasault): AF outlined in my paper we, at A.M.D., have studied the problem in detail and have come to
treat i; in a manner similar to that for fatigue cracks. An overall idealisation is used to get the boundary conditions
correct followed by a very tine idealisation using 2- or 3-dimensional finite elements as appropriate.

This is very expensive and it would he preferable to demonstrate that the sensitivity of structures to projectile
daimage is not a big problem.

Avery (Boeing): Perhaps something that would be useful in this area would be a research effort that proceeds in
conjunction with testing. One could impose various types of damage in a representative full-scale test article and
then conduct tests to establish load redistribution experimentally. At the same time a finite element analysis would
be conducted, wherein various techniques are explored which might lead to basic ground rules for subsequent use.
In this connection. Mr Massmann in his paper presented an application where he used a very sophisticated finite
element program (MARC). to verify a simpler model which he developed. Hlaving verified the simpler model, he can
then proceed to use it in subsequent calculations. I think this is a very significant application.

Haskell (BRL): It happens that we are carrying on a study of this sort now, in regard to lightweight helicopter
structure. We will perform tests where we cut out parts of the structure, and we will compare measured strains and
deflections with calculated values obtained using the NASTRAN and hand analysis methods, so that we will have
two extremes among analysis tools.

Harpur (BAC): In Mr liaskell's paper he showed a picture of the effects of material strength on the safety factor.
From what I could understand of it, he was plotting a curve through a number of discrete points for different
materials. I wonder what that would look like if you took one material at a time and varied the heat-treat, for



examilple' I lime a felinig that it miust tic a ratlier oversimiplified result to show t'rat tile stronger a material thle
betk'tr it isk

Illaskl I ~RUp: I'm ii srt that's tile case, it' -ou increase thle strength youi're bound it-, get a mrore damage tolerant
ttiulctire. I used tile muttcrials I did because ot' practical limitations upon thle avail~bility of different materials. and

I did 110t J11ci111de high-Strengthl :ontposites. So it) answer your question, I'll Suire that if' we kept everything constant
and just ilcreise st1renthli that you will g :t higher darnage tolerance. Ihowever, if' you take everything into account.
thle poissible iraxiirurii %tr,'nIgth that is available and its other attendant properties. thre damage tolerance does not
.iIlVs' kinltinueI Up~wards. Ilecauisc with iircreaLd %treiigthr %(; get lower ductility. which then decreases damlage

Ilarpur IBAC.I: Yes. lithis %%,flat I %sa% thiniking. With regard to fracture nieclmaiicv we know that 2024-T3 is a
Sci% good titcmtrial hilt u~lieu wec go to 21124-I $51 we get very bad tractulre otoughness, possibly worse than 7075-T6.
St1 onte Ili as . irict t i . p rt tess tod hit n usfOr cacti trialmeal and thIiis may' he evsen more iminport aint t han comrposi tion.
Som'te clIiho r ilIi 'n w ould be use ti I.

Pet iau I JassatitII: I sl",il.u d like to t ak Mit IIliskelI a qnet ivoin onl tlire extrapolation of his met hod to I-i brois niat erialIs.
V11111 1i.1is .a p1LaI11 1'L'ltJusg'mr I lolt ditterent trom that itclassca iiaterialý, inii tat the plastic phase is nitiich

remd i t It iss e r ili thle degtidadititr In [ltite 1.1nelilthe plastic phase is imtOportanmt. W~ilt lthis tnot cause some di FficulIt

RlAM~ 1BRII: 'fll-. t tistle. I l1,ocssr. %%e are attempting ito use Othis model, within thre next several months. lor a
prelinimirry %wtly Ill the c~tcts tin ctIpist S. assuing isottopy and using material properties fromt tensile tests
itiret 11\ in tliet- indel. ( er1 ii ly% . I rca tue that tilie Ct tuposiC tchda rac teristi c% are inmich nmore cootplex t hani this. It's
111%1 Al! ,ittemrnliil to utthi/e ill exl~istin sinlleI nilodel and applyr it tot something more cornpl.'ated. We could lie amniss
ill fill,. bunt mc aire ir~ trg Ii tt as liest we cain.

Uetr% (. 11einfli 'I fiere \ ant ilithe tac~t r ill regard ito tire blast tcreponse of' fibher composites arid thiat is the fact t hat
iOw 17m:I.11 I Wt A iilmm Iiir ire II vil of ifillter coimpo sitec' is to%%w and prc~sumrc toads call hiave disastrous resul ts d ire to
Idi i (c g Ill ot11 l lii. hr tter wo rd s. the IaIiure in. de miay lie itt ic Itdifthereniit t[Iran iii nitl'IaIs. A nothter fact is
thlat in t ma ii Idhrler compti tiitcs thle resptimise will lie i rt na It elast ic t4 fa itlure. G;rapthi te. for exsam ple, has a cery low
stramiiit)i ti*ilurc ;as. oes bioront.

Shaw 1RALi: I'd like islto io% a fit, itre: ot soite signifi a itt st rue t ural1 datriage I lig.1 r . lThis was tested over 20
tr, atgo I lie %%Ing wis ipirpcted uinder 3.'- coriditiomrs, with a 30 mrinr high explosive rounrd. It was construicted

ill xi :rAll. routgh! sq(Itma l'ni to [fthe old 75 S'I. 'It his conftigurat ion had very few ribhs. I don'1 thtIiink one need %ay
tIll, re.

Alscry 11uucingi: I Irarik %onl Itr strowitig uts tire picture ulriclt I recoignize. That data was niade available to tile
VAGAP tl)iudyl and %kill lie, r-iprceslerie in thre Dl:sign Minutrl.

hharpmir M IAC): One final qulestiurn directed at Mtr Kardels. which may link us, into tomorrow's discussion. I
wonder if in Iris vulnerablity atialvsis tie is .at'.c to consider tile secondary effects of a projectile hiit into art engine.
Iri othter words, if' thve engine break% uip dotes lie coinsider whrere tire engine projectiles go?

Kardels; (IAB(G): Yes, we do consider this.

lTre irreeting was then adjourned until thle following day.
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DISCUSSION FOLLOWING SESSION I1

Harpur IBACQ: Today we have seen that, in engine containment, we have a problem similar to that of military pro-
jecliles but for the military cast the projectile comes from the enemy whereas in the engine debris case the engine
manufacturer and the airframe manufacturers are more friendly and not deliberately trying to upset each other. So
for the engine debris case, there is at least a possibility of preventing the generation of the projectile, as well as
trying to improve the resistance of the structure that is hit. There are differences also, for example, in that the
possibility of having an impact from an engine failure is far more remote than in the case of the projectile impact
on military aircraft, since in the latter case we must expect thaX :t will be shot at. However, there is in the engine
debris problem, the possibility of preventing projectiles from leaving the engine carcass and this provides for trade-
offs between engine design and airframe design. This sort of option is not available in the case of military projectiles.
i.e.. we cannot persuade the enemy to make his projectiles smaller and less damaging. Further, of course, the engine
debris does not explode when it penetrates the airframc, as does an [IF military projectile. In addition, the engine
debris is more predictable in its direction of attack and velocity. But it is probably less well-defined in terms of its
shape. as the geometry of engine fragments can be quite peculiar. The residual strength capability after damage is
also somewhat different. The military aircraft may be required to perform evasive maneuvers and may not be able
to land immediately because of operations over hostile territory. In contrast. after an engine burst, the aircraft will
try to get down as quickly as possible, although we must bear in mind, of course, that this might involve strenuous
maneuvers.

Additionally. we discussed yesterday the problem of repair and the need that the military have to repair as
quickly as possible so that the aircraft can return to battle. However, this is less important for the engine burst
problem, as it is a very rare event and one can accept more time and expense before returning the aircraft to service.
In summary, we have sionilarities and in some instances a change in emphasis. Clearly, however, projectile impacts
from both military projectiles and engine debris projectiles present a similar problem to the aircraft designer.

To start our discussions, I noted in Mr McCarthy's paper that the total containment of engine debris would add
about 5(Y," to the basic engine weight. On one of his figures, however, he showed that one need only stop about
10; of the bladed disk weight to reduce the number of incidents by 72'/. What is the weight penalty associated
with this? How does the weight penalty vary with debris size'?



Mc~arih% es related thfe rcsults t) tife situiatioli where tile engine cases have flanges tcasings are bolted togethier)
aind vs ier,' thle restrictionl of tile tlatig.s ;Affect% lteL deftormation1 of' flit: cases. Fromi this we arrived at our figure of'
i5I inlcrease In w[fh. i5.ehve done tests onl fragmlents uip to four blades oil a piece of disk which is about 1.5';
ti2 i baded disk. I his reqluired double lthe casing thiickiness. We've not tested fragments larger than that, so I'm not
stire luivs tile weLight trade comle% out. %loc are planning tests with larger fragenitis. Lip to one1-third seglilents in fact.

Jube i Arospatiale): I wJ aSsurprised fin the two pap-ers flit% illoriing thlat nothing was said of thie ;nuprovenlient
hioid'iilit .lloti It 11% lte h itsL of new cornpositei materialIs. I mean h' v lar fiber. Ior i nstancle. Ini tli% opinion. protect inn
.])!gai~ 115i e op e debris is not fun da men tall% different than pro tectlion against hbullets, which is now in manly cases solved
1% tfile tic seit' Kes lr. si nie I ilies using nit resin. ix, onlyv layers of chlot h. lThis !)a-% been proveni el' -ct i se for !ow

"sPeed bullets tipl to 5001 niitcrs;second. (Is r fltislte efficiency is less but this range of speed seelils to cover the
range tif enginle debris. I gtes% flis% developmenti work is already fin progrtess aninong civil ina nti actutre rs. I wonder

it .10 i 'n coulId r rinis ie add it ion at ill orr at ion ' Ilte inthend ito puish fo'r I his, de setopmnleil in IFraince, becatise i

pr170% ides a inins (a1hibt nbininng proltecLtion Withnout a big we Lighit p~l'al. It

MceCarthy v IRolls-Royce I: I tilL ci fcct of iim pact frontl a hiigh s I(c c! y bulliet is ;litte di fferenit fronliiti Ia ot a low.
c00'1it Plei e tit ci ignic A rmolr plt i ng designed for bu ~llL5 IS Of tell nIot e ltLCCliVe tor tilie dc bris. I he C~l DgVe-(Wcr
0,ur atf,.1 approokirnately. 1 .1100) feet per second. %\e tested tilber glass and carbon tiller as conhtainmllent I ogs and

lotind( ttieim (to be tar less ettective than %fee'l orT titanitliil. Somlie test' have been done in Amlerica vs itl Key tar vs ittloul
rksn .itid the results appear to, lie iciid. ()ne has% it) think howm this would bie applied,. it wouild lie like luttifltg a hap!
a r l'u id Itile engpine I soppi se and it has1 severe Iiintitil(Ills coil ctier li tvi iipe rat tire. N~e re p~ro pti inlg Its dot soml Ic I s I

sslit kcL'shtr. vs's lreadý done sonice\%fit resin and lthe IL'sillts .%ere not poild. \\e sliil bie tollo\%niii oil %kith tests

55 Itlioitit rCSill.

AserN h~i.'inigi. I fi-itild mai~ke 10111C coillillecilt legalilligl thle applic.ituiln iut kcosiar to tOw cnigiidchl tte'ni pill1cmii

\k 1111 dc1 lie itie 'IlL tit tha~t \W11,k I liais flit data tot release. h11VI1111 pOillsti call IlL (11111C1 at I itIlL' ilieCtillg.

Ili %cr 'S r.e ijitimilictl abiout kcvIlti appltica Illuls. It also( agreess &itti 4,ii~rv~icslts thlat etit ticly is ilillrolved

vs ilhowil Ik iesil. I tie Key lar "I hlas beenl miore ettLttise tIlial hllcrglaNs. ballistic nloniul. It usd1 rutmill anld outher

TIIiui its, of this sort. Andt its efftikieil% is %tcr% highi a a tight weipght airmori culliceilt I dou agree aboiiul tlit, atlach-
lile:1 iand .u1,1'p"lal.,1n pri is-11. I11 1s Is al area that miusltibe looked into. Anllotier tacet is that it tnsrtlutirke a

,uL'tt.1l .1111111:1)t Of space .M111( Iii call pose all1 app11Ca1tioll prohis'll I tile key teahlirc ill tile pLeletiatlill res~sance: oi

tills mate11rial deenlds (ill its :apaNII\it li) 1111% t: iill11paet. %t tIllat cldrtgý it al'sollictl Ill ilitiillliilie idaLlio. \\hcll

sut vd \ithiultutille resin fltll .lctli is eniaihiced ill thlis reqluirc% space. P'erhlaps qathiittative si~lptirI for Ill\ stat,. lilt~ls

kill Ilkt prm5idevd ait a lteitr timec.

hlarpur M AO': Puirsuing this Ilit'iie. I vwonder it anlvbfody has looukedl 11110 11111r toriols \%i e n
5
IL i lalcriat ' V ~oildl

a 5sovclleah fllesli lit ctt~ctlVe , lhis sceills to bie one (if tile areas we mu~tst conlsider inllite Ilesign Manual.

Althotiughl thtere is a1 ditfeenclle hletucen ttbris aiid Illilitar% pniiettlilts. it wouild secili thlat a m(inicoliaslO siiiiiiar -sittiatioll

arlicnip in~iring soelil.%o ild eon r like toi ll ay~ g fronti thle militar% :irnl(ýr polinl t vieJw tlitI

m1ightli hL of bciieIi t as a r as engine debris is L onlcefrled '

Ascnv (Boeing): I f liunk vshat Mr Mc(arthyv was getting at a momeni~ft ago. is that title effective foil of'1 0 arlllon for

Illilitiary prtotectilcs is a hard ceratilic miaterial backed tip by afiber complosite mlaterial. ' life hard suirface tlends to

breaks tip tile projectile and change its, shape. illis is especially effective against artillor piercing projectilvs as these

relik Io somile elktcnt tipton their shlape tI-) effect penetrationl. The sot ter back-Lip niaterial absortls flt:e energy. Hlowever.
hor eingine (tebris proljectiles. as we said beftore you~ haive diverse shiaped projectiles not designed as pcnetrators. hIlm

sture that de formling oir tireakitig-up these proijectiles, by the use (il' ceramlic tile arnior wouldL ilot be as effectivLe as
it is, for tile imilitary projectiles. I wonder it anyone agrees with nie oil this*'

Shaw (RAE): Its be'en mentioned thlat the mania difference between debris and military projectiles is the velocity
regilile. 'I lie response of' all Ilatenials is different because of these ve~ceity effects. The ceramic armnor, as mientionecd.
is priimarily effective in breaking tip projectiles and this is not applicable to engine debris, It hlas also been found
Ithat mllitary arnlouar can he effective against fragments but this is tmainly at high velocities. Its douibtful tlmt tile
%ery high cost (If thest: mlaterials could be justified in view of the very small potential for inmprovenment.

Avery I Boeing): I would like to address a question to Mr Thiery. in order to increase my understatnding of his
work. Did you show some test restilts with li-glass thlat indicated rallier good resistance to penetrationl? Is that
coirrect"2
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Thiery ISNECMAI: Test results Ifor epoxy glass, presented this morning, were for several thicknesses and for
different numbers of layers for a given thickness. They have been compared with a sheet of solid titaniunm of tile
same weight and the resistance against thickness behaves in tile same way: epoxy glass has the same order of strength
as tJitanium.

Avery (Boeing): So that would indicate that '.-glass is a fairly efficient penetration resistant material'.

Thier, ISNECNMAI: I hase the impresson that it has a f'airly good resistance hut have not done comparative tests
with other fibres. 'I ese tests are in hand.

Avery (Boeingl: If it were established that fiherglass was eff'icient in resisting penetration, would the application be
to fa.bricate engine cases from fib.iglas".

Thiery ISNECMAI: An engine casing with blades fixed to it would be difficult in composites alone. More interesting
would bi a casing in fairly thin metal reinforced with a layer of composite. The problem is to choose the fibre and
number of laier% for maximum containment.

McCarthy (RolLs-Roycel: We'*e done some tests oil fan blade containment using a carbon-fiber containment ring.
The blade easily penetrated the ring with little loss of energy. We followed this tip with tests of a carbon fiber
containment nng lined with metal. Because of the ainosnt of stretlch in the carbon fiber. the metal inner casing
tore. moved outward% as the carbon fiber stretched, and the fih.r then catapulted the metal hack into tile blades
with disastrous results.

M•,lassmann 1IABGI: We've heard aboit what happens %hen the fragment gets outside the engine but what happens
to the o)ptration ot the engine and what is the effect of fragments inside the engine"

McCarthy tRolls-Royce): If the fragment is inside the engine. the effect depends on the surroundings. A fan blade.
hor example, is likely to go down tile by-pass duct and avoid the core engine. A blade at the front of the compressor
is likely to do considerable damage. At the turbine end. it the turbine blades are between two rows of nozzle guide
vanes at clhse spacing, then the release of a turbine blade is likely to damage a large number of other blades in tile
,amne row. Ihat is the case for forged blades. For cast blades, more widely ,ised nowadays, release of a blade in a
space like that can caue failure of all blades in a row and probably failure of a number of* blades downstream. On
the (other hand. if axial space is provided between the row of blades and tile next row of nonle guide vanes, then
the amount of damaige can he considerably reduced. So. the effect depends very much on the design of the engine.
In some engines you can lose a turbine blade without even knowing about it. In other engines, shut down is certain.

Shaw (RAFI: Uhile we're on this subject, has the effect of engine vibra!ioo after debris ejection been investigated?
Some RAl: tests hase indicated that the engine can divest itself of the fuel system, for example, before it can be
shut down. It seems to us that failure of these components due to engine vibration can be just as serious as the
debris impact on the structure.

Coombe IBACQ: I was going to follow Mr Shaw's question with another question to the engine manufacturers. In
the situation described by Mr Shaw. is there any evidence that these vibrations can lead to massive engine failures'!
Going back to the vibration, blades have come off in flight leading to exactly the consequences you described,
Mr Shaw. It is a thing that has to be taken account of. not only during run-down but also during the subsequent
windmilling that may occur for a long time during subsequent flight. On the other hand. I know of one blade
release on a test stand that solved the problem quite readily, because it broke the front bearing and the engine
stopped, quite violently. So there arc a whole range of conditions that are difficult to quantify and difficult for
both the engine and airframe manufacturers to deal with. But it is a problem that people are thinking of.

McCarthy (Rolls-Royce): When a blade comes off, the vibration in most cases will increase to the extent that it will
exceed an acceptable level. In engines, for civil use anyway, we have vibration level indicators and wvhen an accept-
able leVel is exceeded the engine is simply shut down. I think in most cases the engine would be shut down anyway
because, for a fan blade, the forces are so enormous that the engine will shut down of its own accord. I remember
a case where an engine lost an LP turbine blade over the Atlantic and this went unnoticed as there were no monitoring
equipment in use at the time. The flight was completed but it shook loose practically every nut and bolt in the
engine. So it can happen, of course, but with vibration monitoring equipment it is very unlikely to be a problem.
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Ilarpur IBAt : l.Uhtle we're. %t ill oni tile first et cot i.e.. the engaile lailtare itself'. and beforte we- gele oat to fit.e inlter-
acic i rll i4lt ititlie sti lt. Ilire. I IA Oil d like i.*t, ak allot her t11 rte juii tb' totiosi di rected atI Nit Mc .(arthyli. lit tile work lie
descri bedh Ita naprai.e filte sit tiano.iIt I notled t hat f i all Ledltp. it was ant ici pa ted thlat Sa tinelihing Will collie Off. a It Iiotaghi

11.(lie * hcc it: Is.. it, fiiike tJil dch.. b a% %111.111 al paas~o ble an ridt) con a in therm withJun the enginle. N'.e ert heless, lthat's
Lt tang tl I1 '.. i .sp. il englink eC111 aerreC itvi though %of ipres .. iii dJarige Ili tile airfr amiie. I wonitder wh at were thle
povolltti~llc tit prieseittng ati> linig moman Comzaing oil at all ( Could one mrake a tail-safe engine. fii the sense ail
fintli ng [lie tdefcte befotre it get itst ca tallroplaic maie ' %\ hit art: thle posslibi litiDes if' dt-vising inospec tion technrtiqutes
or tt alte~ring viagaire ateligti% j% dli tarenitase tile alilt~iilit% tat ..ngiiie break-op ea~tirety.'

MteCarfthv iRoalls-Roycec: I caiift see hit eser gettingi ta thll po'ttiaml (if es-r elintinathing etiginte lailtatie' altogethier
lei ha~ look a 'ed at tilie %%J a'. cilativl taa'. tfrlled antd I r\ to preset! tiliese: tailurit teli thle la tunre. Design is e olllnst aly

beving litoitdiitl tat achleiteL that tItld ittit elgrttnlý ..aanirtate lto fitlit flew %I\% l tofail aind we neser (]ttitle catch 1 til
14Atlhiat. %%falt iegard tol dek.. iota tit iii..ipteil ldiltirt-l. 14e ha'.e nude signiflicanit id'.ances. \\ e hase tile vibtitlion
irtltittttlu~lf etfiaailicrint. %te liate ara.1grtetic 'hll detctIorN ill thle o:I s'.Ieit anid life tile of' thre iiitriileape hlal prosed
It, be t' 11..altIatal. It %%Ja treated t'Atltl ,-ailt cl" tp..t a et \%ears a tit hil INfow %%idelV tiled. allowing oblert'.aiort of'
tire blade and ".111111iii0itaa Oilariptanaeit% tat (life ort: eligaiti to. pol incipienit dlaitrcs. Altfar il spottting itcipe ntel
tailture irt a dilk. thill is a iiati.hi maore diffictult pribtoliri .andl we don't know jiný Aja at presenlt of* detecting a crack
art a rotating disk thtminrg enginelt'. i..e., 1111 pre-cleri ap;roalemii 17ýcatiae air imodtern! disk ma tetials the fracture
tattiglarrel1% IL1,11.t tint '..r% %millt .r~a.kl can g-) aritic~al. St, .%ct rct% liea'.l ak on cyclic testing (if disks to estaiblisli
ditsk la1te andt letsio.e uns

113rptir 4 AO! I %j ml.lraid a. a at %taiuil .its14er fii thimatnnearite Me must lace file f-act that we ha'. e sale-lile rallier
thain l.a il *sa I erpinfel Ibutt t hal t e It% to pta e a tial sale Aitp Ianre if thle enrdt. by tint roal ing I the de bris in al oiarderlyv

'Aj1 I Attitlel it(li till% tltelir *al riflnpectiontiti.aald bie pial taa taur Nl)I catlleagiae% whlo miighit think il1 somie cletver
*aal1tta01i 1 thinfk there I .1 aC~ tiea lV111a1 Ialtla ta et-k .i imethodaa tal finlding life crajcks biefore tlac> get too large. This
Jalsa Ltritall% inmkire (ilie t.itiaal t.,k :vi-aglhia mi arg as1 ptallible. I dtor't knoiw st~ltelier there is c..acompromiise that

[a~~ ..* 11'ae laet ( rl.iar' with flh.1 taiti tilt ertitaghlic. lia d esign i eaai~e tratk %erliatita I ton't knoarciar.w hehri'

p e 's1t1til to .t i 141a4at endIIq14 it i ll gl lier i ra tiic t tgi isl. aiatl% sm. ititS..- ..ti% 1k sth a timicisItl ri' kiiti

Coomabeh I IIACl. I liase a tlnteitstitm till Ittiltic% \Ir MJ. arlht% Jieserited a ease atni the bami% oaf UK statistics only.
\%hlae on inrc itattr release fin X.5 miallioan hiitairl sottitll (taait a lotI. itfs-via doa tilie stain and a~sstitec that there are bIttu
eniginc flltt ed ira evs.. ofai 1010 ai'plaitel. I think \oii get J miajaor ielease ornce t.'t.r' 20.000l hours fin clery airplane.
I 1his1is twiace aIlie il: tm 1011Ct of .e C Ir single .airp Ia ne art tile Ilect I hlit's not rnegligible in thI littl teol. So we h~totuld

ilk lair woarldl Nltotltic%. becatise 14 ith tltaaw sort tat mitiurtiet ill rnat a -way.-ot"tt proablemi that you'are talking abotit.

!ikCarthv (Rolls-Royvce : Ma ija t re kle"* il pro ba bl\ inat Ilife raglr wo rd. I wal talkiang a haiti debris that woutld
e atocs perl (tt arito aot d 4a ing a ttitl lag..- -L' Illi' ciol athtle just1 part oit a blade. resti Iting iar a very' smtall hiole. I d on't
thanlk thatI* j a itlatr teleale. !lie itianib1et atl leae arisaa'.-in maaiiar ,oiee.s has. been vers siriall indeed. I believe 5
oir (I an 124 niillioan himtias.

Ha'pur t IAC): It' noi~t '.er\ Ifrequent. bail it*% %fill there. saa we muast dot everything possible to reduce it. lIn lcrtis
ait tile lcatnseqateocCs aof tire tamlore. I tainteal tao ask \Mr Iltiare abiout caorditionr% under whlicha the structure is damlaged.
It sev ill I liet: ate uthree les els aof danaute IthatI one iieeds I4 a et ablisfi in deterrminin fiilrgte safelet V f (lie airplanie.
depending onti(lie part tine is citlnitleririg. 1 life lpar! in'. aives structuiral integrity only, thien it may lie perfectly
permissible: tat allow perretratiao., prt'.ittiig adeaquate st rerigth remains. But it* systen comiponents or people are
bhe inrd til t'sritelitre. theni we. miiight .alaliw s.ltatle perftorat ion lbut not coiimplete penletrtatiaoii. lii tire third case. for
esartple a 1-uel tank. tita pettairatiori at all coiuld be tolerated. I wasn' tooci clear froini Mr Ilntiel". presentation Whether
lie could distinguish between these three uaseriing his, analysis approach. Could Nit Iluaret clarify this'!

Iluret ISNIAS): 'I lie test resuilts show a zonel (t-f high eniergy where tife fragments pass thiroughi (lie engine easing, a
iaarie ait loiw evivetg) where they do nt l a%% anid an iriterniediate zone where there is a tbii of' everything, due to (ile
ii rcertlaint y ti .1l tilie hiighily ca ariiplex phe liia iteria Whaic h aocciur. It is not ouir obiject to discrimiiiinatea ace tira tely bet weeni
a ca i rig wla .. I is ptinc tat et an (ut ine witichi is punrte ired bll stoaps% life blade. T he probability will he rmargi nal ly
greater hot tine thtan lot tile t! tirts bunt insagrii carit faor :ri oirder of' miagnitutde comiparisonr withI certain other risks.

Hlarpuar (IItA(': Yes. I can understand tile dlifficulty. It's probably more difficult thtan wit il military projectiet c
because oif the irregtular shape ol tile projectile. It's possible thiat tile projectile huas sharp. corners. Also, of' cour-se.
the bMade itself may be damraged, and cuirt tap intot sonie pecualiar shape that would riot cause daiiage to the structure.
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Ilis the eftfect of the impact on tile projectile been studied to any extent? Can one design blades or structure so as
to bend the blade enough so it won't penetrate'.'

McCarthy tRolls-Roycel: In working on the deflector plate we were conctrned about the shape of the missile, so
we made a study of the various pieces of blades and disks coming out of engines. Invariably tile blades are bent
over above the platform, more or less tangentially and t.e most penetrating fragment has been the broken off disk
diaphragm, or disk web area, having a fairly thin edge capable of sUcing through. So we developed a fragment
reproducing this. and even put saw teeth on it. We also gave it tlhe proper spin so that the rotational energy
represented a realistic projectile. So we covered this aspect in dcsigning and developing the deflectors.

Petiau (Dmsault): I should like to ask about deflector plates. because it seems to me more efficient from a weight
po•int ot view to prolect the sensitive parts of ai.'fcitft by deflecting fragments rather than stopping them. For the
Falcon 5i0 we have been studying V-shaped detlectors to protctl the rear end but have almost no data on which to
base a design and would welcomne any suggestions.

McCarthy IRolls-Royceh: ,e've developed dellector%. The purpose, of course, is to protect vital parts or the aircraft,
,o it has a limited dimension. It must be positioned arid angled so as to deflect the missile. We've tried aluminum.
'tee,. hardened steel, stiffened plates. titanium plates. %ke find thie best to be titanium plate mounted on honeycomb
oI NOMIX. We'%e investigated scaling elffcts and have established some scaling laws from tests of deflectors from
I to 4 square feet. using n•,,.iles from 3 to 25 pounds at 60(O fps. The outcome was that NIV ' - I., where t is
the thickness of tile material.

Harpur tBACi: On the subject of deflectors, I'm i tsure the same lype of thing must he considered onl the military side,
Ie.. establishing the condition% under which projectiles will ricochet. D)oe% anyone wish to comment on this? Hlas
there been detailed study of ricochet of bullets'

Avery' l oeing): Ye,, there have been, in the scnse ihal many studies have been conducted to determine the ballistic
penetratimn linits ofI aircraft structural materials. In most applications the angle of impact is not zerv degrees, so
thit the penctration models developed fr;ni thfis work have been formulaled in terms of projectile obliquity as well
as velocity. S. one can find j fair amiount of data (n conditions of ricochet for specific projectile/target interactions
and the pli%,,i4al principles in olvcif might well ie Of sotitme vALue for thie engine debris case. As far as specific armor
deign configuralmons are conccrncd. it must be rccogni/ed that there is himited use of armor in military aircraft,
although certain vehicles have substantial ariior in the cockpit area and in some cases this is designed to take advan-
lage of projectile deflection. I think tlie general answer is that correlations have been made between impact condi-
tlion and ricoche! probability ar.J th:, ,rtbabhl% could bec of some use in designing debris deflectors.

Shaw (RAEli: There have been a lot of tests( on the ricochet of projectiles but the shape of the pr( "ectile has a
significant influencc. MIo military projectiles will ricochet readily because of the ogive shape. But others have
been designed specifically to prevent ricochet and a blunt projectile. such as encountered in debris, is least likely to
ricochet.

'Harpur (BACi: I wonder if we might discuss design criteria aspects. D)r ('oombe mentioned this in his paper and
gave details of a proposed ('AA regulation that requires that certain conditions of engine failure must be sustained
by the aircraft with a specified probability of survival, this probability being lower for very large failures. The
requirenicnt doesn't take in!o account the actual probability of failure for the specific engine being considered. It
would seem that there is a gap here and I wonder if there was some way to determine these engine failure probabi-
lities quantitatively, so that we might arrive at an overall risk level of both engine failure and resulting aircraft risk.
We cannot calculate this overall probability at present because we don't have engine failure probabilities and the
requirement seems, at the moment, to be avoiding this issue.

McCarthy lRolls-Royce): We have been quite anxious to show the airworthiness authorities that the probability of
non-contained failures has been diminishing as we advance in the art. We've been unabkc to satisfy them because
they argue that. although we have eliminated past failures, the use of new materials and new designs is likely to
off-set the improv,".ments made. Therefore, they feel that the probability of failure is the same as it has been over
the years. We've been trying to demonstrate that the probability of non-containment has been eliminated entirely
in some instances. I feel that the statistics are misleading in some respects, in that it has often been said that the
rate of non-containment has not been diminishing with the introduction of the latest fan engines. But, if you look
at the data, you see that it is the old engines that continue to fail, not the new engines. The new engines cannot
be properly as.sessed yet, bL.causo they don't have millions of service hours.
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ilarpur tDACO: Are there any commilents onl the type of* criteria def~ined by thre CAA, that is, takinig three typical
types tit engine debris andi relating themt to a pro~bability of' catastrophe.'! In f-act. these criteria accept thc fact
that ant otncraf catastrophe could occur Witl) each type of" debris buir ensure that the probability of" ciatatrophec is
%1n' ftiC11en ft ~ s o~ sit to be accept able. fo r exsamipie. one tin thiirt v for filie disks.

Avery M oeingt: I w4ouldn't care to commnent onl the severity of' thre I.AA proposed regulation. or lthe penaltie.s
aNNOCIALt ci~i tfi Meetinig it. bilt. ill terms of providing a designer withi a criteria tha3t l1e coo Id work withi, I I"C I it's
quite good. I have another tufueStiOn. I first hecard of' thie regutlat ion over a yea r ago. arid it was in draft forui then.
I note thlat it is itill in draft forni, %o I would like to ask what is lthe status of adoption':

MceCarthylvtRolls-Royeet: ' lite regulation is ftoiflowing a niorm at ad option cycle. i.e .. a dlraft is circuilatedi foir coin iit e
tin order fto arrise it a coiipromifil regulat ion. I his exercise is currently being completed.

Cnoombe (BIAC I: I skotiiid just like ft) add onei thi ng. Jtlist becalii s if s, inl diraft f'orm don't i ma gin e y ou're not going
tit bv j,sktd ito meet soniceffimg like it.

.%3w I RALt: It Occurred to, lite during D~r Cootmibe's paper that it may lie uiseful ito study son)ice of' time test data
I1'.1abHe oil pene trait io n t cstI% us ds molg ci' t illIM 10 usr d warhecad ft agnie ni. Ilite cuts, produiced by tilie contionuous

it ds are in iichf cfcaii er and mu Lc hi iirru i~ r t Iima thfat produced b>) engi ne :ragrene is but it ma y be fthat somoe results
im il hibe useful relativ e to tire efftect of l ong cii s produiced by taingenmtial impacts.

Aser% I boeitgi: I hatec a tpuesfion. hut 1'111 not Sure who would like it) answer it. In hearing tire engine debris
papelrs. it is as made clear that there is a definimie need ito solve lthe probleimi especially in view oif the regulation.
M t it %%or k has bee ii domec t toward fin din rign a pproipri ate so lut ion. 1These a pproa chles have inclu tded red iiciog eniginle

tIiltres hiut. fo r ltefi mi rfrarime, we hla, se icussed co n taiinmenof ct ncept s* invsofking cithter tlire case, per se. or a
reinufo rced case, anrid also %upplcnenn a iv pr if ect ion si cl a% slmie ldiig aniid delctic or concepts. lIn a ddit ion iwe Ii card
tit si 'inc %cry so bst ant tal ci of igit ramt tiia I c incepits. ins tit rg flite It ca to i of cri tical comol pi m its (it the a ircraft . So.
it uoimld appear that a number of' difffererif appritaclies arc being imnestigated tin tinder ito meet lt'e requirements and
is there an V- resoit ntion at t Ii s point as% to iiWhat approach or ctmbin h at ion (t fa ppri xic les will e%( lye? I Li e we recahlmed
thle stage %et wherec a pati1 fto follow Ilos been rese~aledl.' %%here do we stand toward developing, a dfesign approach'!

NleCarthv IRol~s-Royce1: 1lite tests that wc'%e been doing are designed tti proviIde thle data reqiiiredi to establish
time feasibility oif various options. ('[ear[%'. tlie aircraft las-out is critical as far as local thickening of cases is con-
cerncd. A three engine aircraftI requireS thickening of' three parts of lthe casinig arid this may bie unattractive. We've
cosered lthe deflecftor oiptiton as, well, andtihate generally at tacked thre problemi of' large picces coining o0t, to tr%
.indl istoid tire wuirst cases. arnd thisl work is goling ahlead as is tiur work to reduce engine fa.-ilureso in general. But
ft i mkc nvd cases %csc ftisd lc lti rs. is still anr open iquest it i de pe oiling onl a ircra ft Iayvout.

Harpur t BA('f: Yes. I can see lthe engine manufacturers dilemmna conicernling case thlick-ening. O)bviously. lie would
like ft)i sell Ii is enginles ftor a variety of s li ides arid( if lie tries to cover all posible~ coo figo rat in lis ie miiay end uip
%k ith casings thickened all lthe was around. 1t is poissible toi develop a special shi~eldf separate but close to the engine.
'I his co~uld lie part of lthe a~rfraummc, in a way, and would ilof require a different engiine case for every application.

MceCarthy fRolhs-Rovcel: This is very attractive in sonic respects hutl the problemn is weight iflercase. Wie try ito
iiicluieilithe extra weight required foir containmtent into tire enigiiie casing in order to take advanitage of' the additionial
sitrenrgthi. ratfler thon carrying weight which doe% niofthinrg.

Coombe (BAQh: I think that since lthe requirement htas been around fior suich a short time that ito general design
guidelines biase been establishied regarding layout. There arc soime simtple rules. For example, if y.ou have a foiur
engine aircraft with little wing %weep-back, thle engine% must he a long way apart to prevent one engine f'romn
knocking out lthe others. This miake% for a funny hooking airplatie. Also. there arc different layouts f'or diff'erent
tas~ks. For example, a military transpiort aircraft (such as a C- 130) imay require a high wing and this is quite diffT'rent
than a civil layout. Thbe promblemis are different. Another factor, as call lie seen frmm Mr I Inret's paper is that there
is much work in studiying tile shtitisics of this problem and the timec and tnoon- invested call be substan fiat. The
dfesiginers will hase to employ simple design layout procedures in order to avoiid nmaking too many of' thiese expensive
calcui atitons.

Thme meeting was then concluded.
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